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PREFACE 


The study of science is the development of ideas from experimental observa- 
tions. It is not simply learning a list of facts, but rather a way of thinking. A 
primary goal for the student is to learn methods of problem solving and to 
develop the ability to apply them to any problem, scientific or nonscientific. 

This text attempts to teach thinking as well as facts and theories. The 
facts and theories are those related to the structure and chemistry of organic 
compounds. Information is presented and then developed so as to guide the 
student through the thought processes required to solve scientific problems. 
Organic chemistry is one vehicle by which students can develop the impor- 
tant skills of problem solving. 

This fifth edition of Organic Chemistry, like earlier editions of the text- 
book, presents organic chemistry by a mechanistic approach. Compounds are 
considered according to their common reactivity patterns. This "reaction 
mechanism" approach compares the similarities of a variety of different reac- 
tions. Reactivity patterns are learned without the need to memorize a multi- 
tude of specific reactions. The reaction mechanism logic relates to how a 
chemist thinks, how a science student should think, and how chemicals actu- 
ally react as they form new compounds. 

The text has been rewritten, with additions and deletions of subject 
matter reflecting the continuing changes in organic chemistry. Many of the 
problems have been changed or replaced with new ones. However, the major 
changes are in presentation. The writing has been modified so as to make 
subject materials even more interesting and understandable to students. 
Many of the longer chapters from the previous edition have been divided into 
more manageable lengths. New chapters have been added on characteristic 
reactions and on reaction mechanisms. The materials dealing with carbanions 
alpha to carbonyl groups have been brought together in one chapter. The 
emphasis on organic synthesis has been integrated throughout each chapter, 
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and is given further importance by an early chapter specifically covering nu- 
cleophilic additions and substitutions in synthesis. However, the popular 
chapter on organic synthesis which comes later in the text is retained as it 
provides a broader view of the strategy of synthesis. The topics related to the 
organic chemistry of biological processes and natural materials continue to be 
integrated throughout the text and, as separate, more extensive chapters, are 
also included early enough in the course so that they will not be easily 
skipped. 

Finally, the discussion of spectroscopy has been expanded to reflect its 
increasing importance as a tool for the study of organic chemistry. Spectros- 
copy topics are concentrated in a single chapter at the end of the textbook, the 
appendix. This will allow instructors to introduce topics to best fit their peda- 
gogical needs, whether these materials are used in the lecture, the laboratory, 
or both. Concepts are integrated, the same way that spectroscopy is used in 
the laboratory. Many spectroscopy problems are provided to reinforce the 
learning process. Spectroscopy problems are also included throughout the 
chapters where they relate to specific chapter topics. (Spectroscopy problems 
are marked with an asterisk (*).) 

The material in Organic Chemistry is organized so that students are first 

reintroduced to fundamental concepts of atomic and molecular structure and 
their relevance to organic compounds. Following that is a necessary consider- 
ation of nomenclature, and then a review of the major types of reactions of 
organic compounds. This puts into perspective for the student the direction 
and scope of the course. It also provides a basis for understanding the variety 
of organic chemistry that usually is part of the accompanying organic labora- 
tory. 
Chapter topics are organized in relation to similarities of how compo- 
nents react, that is, by similarities in the bond-making and bond-breaking 
processes. The influence of molecular structure on reactivity is introduced 
early and built upon throughout the text. 

The general characteristics of organic reactions are introduced using 
chemistry associated with the carbonyl group. Carbonyl groups are a compo- 
nent of a wide variety of organic compounds, thus the role of organic chemis- 
try becomes obvious early in the text. In addition, carbonyl is a polar group 
upon which the mechanistic concepts of bond making and bond breaking are 
readily developed. An understanding of polar reactions of other types of com- 
pounds logically follows from the treatment of carbonyl. 

Chapters 2 through 19 provide a basis for understanding and working 
with a majority of organic reactions. Some institutions may find materials 
from this portion of the text, when supplemented with examples from the 
latter chapters, sufficient for a short course in organic chemistry. For the more 
common academic year course, Chapters 20 through 27 consider topics which 
illustrate the role of organic chemistry in the broader areas of science and 
technology. Topics such as carbohydrates, amino acids and proteins, lipids, 
polymers, photochemistry and electrochemistry provide an opportunity for 
students to learn practical information and appreciate the relevance and per- 
vasiveness of organic chemistry. 
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In an effort to facilitate orderly learning, each chapter begins with an 
outline of the contents and ends with a summary. Where appropriate, a sum- 
mary of the reactions introduced in the chapter is also included. Chapters are 
divided into numerous sections and subsections as an aid to organization for 
student and instructor. A variety of examples of broad general interest are 
included throughout the text to pique the interest of students. Product yields, 
taken from the chemical literature, illustrate the experimental realities of or- 
ganic chemistry. An extensive index provides ready reference to the contents 
of the text. 

Organic chemistry is not a "spectator sport." Students learn by working 
with concepts. Each chapter includes a large number of in-chapter problems 
to guide and test the students' comprehension at each step of the learning 
process. End-of-chapter supplementary problems provide a more general test 
of knowledge attained through study of the chapters. An associated Student 
Supplement to Organic Chemistry is available with carefully worked solutions 
and discussions of the problems. 

I am indebted to the many users of the previous editions, students, and 
reviewers of the present manuscript, who provided many comments, criti- 
cisms, and suggestions. Special thanks go to Donald Paulson, California State 
University, Los Angeles, who read and provided detailed comments on the 
entire manuscript and galley proofs. Joel Hawkins and Eric Ansyln, California 
Institute of Technology, read and critiqued the page proofs. Others who re- 
viewed parts of the manuscript are William J. Barnhurst, Villanova Univer- 
sity; Albert W. Burghstahler, University of Kansas; David R. Dalton, Temple 
University; Catherine C. Franklin, Formerly, Skidmore College; David Gold- 
smith, Emory University; Bruce B. Jarvis, University of Maryland; Douglas E. 
Johnson, North Dakota State University; Tappey H. Jones, College of William 
and Mary; Lawrence K. Montgomery, Indiana University; Paul Sampson, 
Kent State University; and James M. Wilbur, Jr., Southwest Missouri State 
University. Steven Tenney and Ruth Mendelsohn were particularly helpful 
during the editing and production stages. Yvonne Pine provided encourage- 
ment and did the tedious job of data entry. Alan S. Wingrove and Floyd A. 
Blankenship, Towson State University, generously provided their computer 
program and help in compiling the index. 

Organic chemistry is a rigorous and demanding subject. I hope that you 
will find it as stimulating, exciting, and ultimately rewarding as I have. 


Stanley H. Pine 


Organic Chemistry 


What Is Organic 
Chemistry? 


1-1 The Chemistry of Carbon Compounds 
1-2 A Historical Perspective 


1-3 Contemporary Organic Chemistry 


Chemistry—the science of the composition, properties, and transforma- 
tions of matter—has traditionally been divided into several categories for pur- 
poses of study. Organic chemistry, inorganic chemistry, physical chemistry, 
and biochemistry have been the major divisions which artificially fragment an 
otherwise unified scientific discipline. Yet when one appreciates the vast 
amount of knowledge that is encompassed by the science of chemistry, it is 
not surprising that such a division has occurred. 


The Chemistry of Carbon Compounds 


Organic materials represent only one variety of chemical compounds: 
those which contain one or more carbon atoms. Organic chemistry is perhaps 
best defined as the chemistry of carbon-containing compounds. 

Although such a classification may seem rather limited, the fact is that 
compounds which contain carbon atoms actually make up the overwhelming 
number of different substances found on the earth. That somewhat startling 
fact is a consequence of the ability of a carbon atom to form bonds to other 
carbon atoms. This characteristic, coupled with the capability of a carbon 
atom to form four bonds in three-dimensional space, makes numerous ar- 
rangements of carbon atoms possible. Over six million different organic com- 
pounds have been characterized, and every year tens of thousands of new 
substances are added to the list either as a result of discovery in nature or 
preparation in the laboratory. 

Carbon however, is not the only element found in organic compounds. 
Hydrogen atoms are almost always present. In addition, organic molecules 
often contain atoms of oxygen, nitrogen, phosphorus, sulfur, or the halo- 
gens. In one way or another, almost every element in the periodic table may 
be incorporated into "organic" compounds. 

Chemists initially used the designation "organic" for materials obtained 
from living sources; that is, plants and animals. In the next section we will see 
that the relations between organic compounds and living systems had an 
important impact on the early development of chemical theories. 
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1-2 A Historical Perspective 


Organic compounds and their reactions have been utilized by people 
since antiquity. When leaves or tree bark or plant roots are mixed with water 
to make a medicinal potion, a complex mixture of organic natural products is 
actually extracted for its biologically active components. The cooking of food 
is an example of reactions of organic materials. The burning of animal fats or 
oils for heat and light is an organic chemical conversion which is analogous to 
the combustion analysis that is so useful in structural elucidation. 

Progress in the applications of organic chemistry awaited the develop- 
ment of theories of atomic and molecular structure and an understanding of 
bonding in chemical compounds. Modern chemistry can be said to have its 
beginning early in the nineteenth century with the introduction of the atomic 
theory by Dalton. Divisions among chemical disciplines seemed unimportant 
at the time. 

Lavoisier suggested the importance of oxygen in the combustion of sub- 
stances, and Berzelius followed the idea to determine some of the first atomic 
weights. In 1814 Berzelius carried out what was probably the first accurate 
analysis by combustion of a pure organic compound, that of acetic acid iso- 
lated from vinegar. By burning a known quantity of the compound in excess 
oxygen and then determining the weight of the combustion products, carbon 
dioxide and water, he was able to determine the percents of carbon and hy- 
drogen in the acetic acid molecules. 


Acetic acid + О; — СО, + НО 


This, added to the knowledge that oxygen also was present—though not 
detected by his method—allowed the empirical formula CH;O to be calcu- 
lated. Determination of the molecular weight of acetic acid at a later time 
demonstrated that the actual molecular formula is C3H4O». That result, how- 
ever, was not sufficient to establish a unique structure for acetic acid. 

Gay-Lussac and Thenard introduced many important improvements to 
the combustion technique. Liebig, following the ideas of Lavoisier and the 
early experimental techniques, developed relatively sophisticated methods 
for the carbon-hydrogen combustion analysis of organic compounds, meth- 
ods which, in more modern form, are still used today. The accurate determi- 
nation of empirical formulas for many pure organic compounds was a neces- 
sary basis for subsequent structural proposals. 

Yet there was still an important mystique associated with work on or- 
ganic compounds. It was becoming quite clear that the chemistry of organic 
compounds was considerably more complex than that of compounds classed 
as inorganic (or mineral). Since all organic compounds studied in the early 
nineteenth century had their origin in living materials, either animal or plant, 
there was a strong feeling that such materials possessed some special “vital 
force." It was proposed that this was a key difference between organic and 
inorganic compounds. At the time, most chemists believed that compounds 
possessing vital force could not be synthesized in the laboratory from inor- 
ganic materials. 
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In 1828 Wóhler carried out an experiment that is generally considered to 
mark the beginning of the end of the vital-force theory. He accomplished the 
laboratory synthesis of urea from ammonium cyanate. Urea had been isolated 
from urine, so it was surely organic; that is, it contained vital force. 


NH,CNO —> Н,МСОМН, 
Ammonium cyanate Urea 


Yet ammonium cyanate was considered to be an inorganic compound 
and this could have been converted to an organic compound only if the vital- 
force theory was incorrect. In retrospect, proponents of the vital-force theory 
might have argued that the material from which the ammonium cyanate origi- 
nated—animal bones—could have provided the necessary vital force. Wohler 
himself actually mentioned that possibility when he presented his results. 

It seems likely that, irrespective of Wóhler's experiment, the time was 
right for the demise of the vitalistic theory. The mysterious phlogiston was 
not long gone from the thoughts of chemists, and more and more carefully 
executed experiments were providing an increasingly scientific basis for un- 
derstanding chemistry. 

Probably a more important result of the Wóhler experiment was the 
observation that ammonium cyanate and urea have the same molecular for- 
mula. Different compounds that possess the same molecular formula are 
known as isomers. The idea that assignment of a molecular formula uniquely 
establishes the structure of a compound had been generally accepted. In fact, 
Berzelius was so concerned when experimental results on organic com- 
pounds seemed inconsistent with this idea that he suggested that the atomic 
theory—which said that atoms combine in whole-number proportions— 
might not apply to organic materials. 

The concept of isomerism was critical to the development of the struc- 
tural theory of organic chemistry. Wóhler and Liebig, in a long and cordial 
collaboration, published numerous results supporting isomerism in organic 
compounds. In 1832 they used the concept of organic radicals as an attempt 
to somehow simplify the structural complexity that was becoming more and 
more evident. Their suggestion was that a group of atoms which retains its 
structural integrity throughout many chemical transformations might be con- 
sidered as if it were an "organic element." The concept of a chemical radical 
was not new; Gay-Lussac had introduced it in 1815 during his considerations 
of the chemistry of the cyano group. 

Wöhler and Liebig carried out chemical transformations on the benzal- 
dehyde recovered from almonds. They reported that the benzoyl portion of 
the molecule (С„Н„СО— in modern chemistry) remained unchanged in a 
series of reactions (Fig. 1-1) and thus could be classified as an organic radical. 

Development of the concept of the organic radical may have inhibited 
consideration of a more fundamental question of organic structure: what is 
the valence or combining ability of the carbon atom? That problem seemed to 
be much more complicated than determining the valence of many of the 
atoms of inorganic chemistry. Many chemists contributed data which led to- 
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FIGURE 1-1 C,H,CO—OH 
7 Chemical trans- Benzoic acid 
formations on 
the benzoyl C,H;CO—Br 
radical. Benzoyl bromide 
C,H,CO—I 
Benzoyl iodide 
C,H,CO—H C,H,CO—CI C,H;CO—CN 
Benzaldehyde Benzoyl chloride Benzoyl cyanide 
(Oil of bitter 
almonds) C,H;CO—NH, 


Benzamide 


C,H,CO—OCHs 
Ethyl benzoate 


C,H,CO—CH(OH)C,H; 


Benzoin 


ward an answer, but it remained for Kekulé to state quite clearly, in 1857, that 
carbon is tetravalent. 

* Опе puzzling question was still unresolved. How can the high percent- 
age of carbon atoms present in organic molecules be accounted for in terms of 
connections (bonds) between atoms? The inorganic compounds known at 
that time were believed to have bonds only between different kinds of atoms 
in a molecule. It was impossible to construct models of organic molecules in 
that way. 

The answer seemed to be in the minds of many, but it wag Kekulé and 
Couper who, independently and almost simultaneously, published their 
ideas in 1858. They pointed out that if carbon atoms were connected to other 
carbon atoms, the apparent structural complexity of organic compounds 
could be explained. In 1865 Kekulé further proposed, as a basis for under- 
standing the structure of the very important organic compound benzene, that 
carbon atoms connected to other carbon atoms could be arranged in a cyclic 
formation. 

The developing model for organic structures was limited to the connec- 
tion of atoms in two-dimensional space. Although three-dimensional aspects 
of molecular structure were considered, the extension of those ideas to or- 
ganic molecules seemed to be beyond the grasp of the leading chemists. In 
fact, Kolbe argued that the question of the positions of atoms in space was 
“one of the greatest problems in chemistry that would probably never be 
solved"! 

In 1874 van't Hoff and Le Bel, each approaching the problem in a differ- 
ent manner, proposed that a three-dimensional tetrahedral model for bond- 
ing to the carbon atom could explain many of the remaining questions of 
organic structure. A basis for understanding the structures of organic com- 
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pounds had now been established. Although quantum mechanics of the early 
twentieth century and modern instrumentation and computational methods 
have provided us with an impressive degree of sophistication for such ques- 
tions, the wisdom of those chemists still provides much of the foundation for 
current structural theory. 

As we reflect upon the development of organic chemistry, it is often 
difficult to appreciate the genius of the early chemists. After a century or more 
of use and refinement, we take most of the ideas of structure for granted. The 
development of a detailed picture of molecular structure by purely inductive 
reasoning stands as a major accomplishment of the human intellect. 

Yet at least one of the major contributions of Kekulé is purported to have 
evolved from more than the scientific method. In 1895— some thirty years 
after he suggested cyclic organic structures—Kekulé attributed the critical 
revelation leading to the concept of the cyclic structure for benzene to ideas 
conceived while daydreaming. He suggested, "Let us learn to dream, gentle- 
men; then perhaps we shall find the truth. But let us beware of publishing our 
dreams till they have been tested by the waking understanding." 


Contemporary Organic Chemistry 


Organic chemicals are clearly important to us, for they are the com- 
pounds of life. This surely was a part of the stimulus for the early develop- 
ment of organic chemistry. In the late nineteenth and early twentieth centu- 
ries organic chemicals began to take on significant economic importance. 
Germany developed an impressive capability in the manufacture of both or- 
ganic and inorganic chemicals. Synthetic organic chemicals included dyes 
designed to duplicate and supplement natural materials as well as explosives 
for constructive and destructive applications. 

However, the mid-twentieth century might be considered the beginning 
of the age of organic chemistry, for this was the time when synthetic poly- 
mers were developed as industrial products on a large scale. These materials 
have become ubiquitous in our modern society. They are the plastics of pack- 
aging and the structural materials of small and large products. They are the 
fibers of synthetic fabrics and of artificial arteries. 

But synthetic polymers are not the only important industrial organic 
products of our modern world. For our health, the pharmaceutical industry 
produces vitamins and medicinals. Agriculture, the source of our foods, ben- 
efits tremendously from specialty fertilizers, insecticides, and herbicides. And 
in addition to supporting the basic needs of our lives, synthetic organic prod- 
ucts have made that life more enjoyable: consider flavorings in food, fra- 
grances for perfume, and colorful dyes and coatings. The list is endless! 

The importance of synthetic organics in our world is noteworthy, but 
their sources are equally fascinating. The raw materials are provided by the 

petrochemical industry from liquid petroleum and natural gas feedstocks. 
Fewer than ten low-molecular-weight hydrocarbons account for most of the 
more than 200 billion pounds of organic chemicals produced each year. This is 
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an impressive tribute to the ingenuity of those who develop and design the 
chemical and engineering sequences used to synthesize those products. 

Organic compounds also have a socio-political relevance to our world. 
For example, oral contraceptives, the complex molecules designed to mimic 
sex hormones, have had a significant impact on the ability to control popula- 
tion. Organics used as explosives or herbicides or fungicides have military 
and nonmilitary uses. There is considerable interest in the environmental 
effects of synthetic organic chemicals, even though many naturally occurring 
materials may pose similar problems. 

The study of organic chemistry will help you to understand the proc- 
esses and scientific thinking involved in preparing a wide variety of com- 
pounds. You will see how chemical structure relates to reactivity and physical 
properties. It is the use of organic chemical products that then takes on social 
and political implications. Societal risks and benefits must be considered. A 
fundamental understanding of chemistry and its potential can help you as a 
citizen to participate in the decisions of science, technology, and society. 
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Supplementary Problems 


An understanding of the structure and reactivity of organic compounds 
begins with the pieces from which their molecules are constructed—the 
atoms. Structural theory of the nineteenth century accounted for the ratios in 
which atoms combine and provided us with specific formulas by which mole- 
cules could be represented. The concept of structural isomerism enabled 
chemists to explain why different substances might have a common molecu- 
lar formula. In the latter part of the century a three-dimensional picture of 
molecular structure evolved. Yet an explanation of why atoms are drawn 
together into molecules remained elusive. Even the early twentieth century 
concept of electron pairing proposed by Lewis and Kossel did not account for 
the attractive interactions that result in bond formation. 

The development of quantum mechanics in the 1920s provided a ration- 
ale for chemical bonding which is still the basis for structural theory. A series 
of mathematical expressions and their solutions are used to define atomic and 
molecular orbitals and the phenomenon known as bonding. In this chapter 
we will review the concepts of orbital theory as they apply to the atoms and 
molecules of organic compounds. 

Before beginning, we should remember that the theories of bonding and 
molecular shape were developed to explain experimental observations. The- 
ory does not control the properties of molecules. Though quantum mechanics 
has provided a very successful general approach, other concepts have been 
introduced to account for certain aspects of molecular structure. 


Bonding 


. Early Theories of Bonding 


What holds the atoms of a molecule together? That was one of the major 
questions faced by the chemists of the nineteenth century. The concept of 
bonding was critical to an understanding of the structure and reactions of 
chemical compounds. 

Early in the nineteenth century Berzelius suggested a theory of bonding 
termed dualism. The concept was derived from the experimental observation 
that certain atoms (actually ions) migrate in an electric field. Berzelius pro- 
posed that atoms are held together by an electrical attraction between oppo- 
sitely charged species. 
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The dualism theory seemed to apply to many of the binary salts known 
at that time, but it could not be extended to the large number of nonionic 
materials derived from plants and animals. The mysteries of organic com- 
pounds again seemed to be beyond the grasp of chemists. 

By the middle of the nineteenth century, the idea of an atom having a 
specific combining power—valence—was well accepted. Atoms were 
thought to have features, somewhat like hooks, which connected them to 
other atoms. A given atom always used the same number of “hooks” (va- 
lence) in its bonding to other atoms. Yet the nature of these bonds was elu- 
sive. 

Late in the nineteenth century, Alfred Werner (Nobel prize in chemistry, 
1913) conceived of a variable coordination number for some atoms to explain 
the properties of complex inorganic molecules. He suggested that bonding in 
organic compounds was only an extension of his concept rather than some 
different phenomenon. In Werner's terminology, valence indicates the num- 
ber of bonds that an atom can form. Coordination number refers to the 
number of groups connected to a given atom. Since many compounds con- 
tain multiple bonds between atoms, valence and coordination number are not 
necessarily the same. 

Discovery of the electron by Joseph Thomson in 1897 (for which he 
received the Nobel prize in physics for 1906) provided a basis for the elec- 
tronic theory of bonding. In 1916, Kossel and, in a more general form, Lewis 
suggested that interactions between the outer-shell (valence) electrons of 
atoms were responsible for holding the atoms together. Kossel proposed that 
an electron (or electrons) could be transferred from one atom to another to 
produce two oppositely charged ions. Attraction of the ions for each other 
would account for bonding. This concept has many similarities to the theory 
of dualism. 

The inorganic salt sodium chloride exemplifies such an ionic bond. A 
sodium atom transfers its outer-shell electron to a chlorine atom to produce a 
positively charged sodium ion and a negatively charged chloride ion. The 
electron transfer process is favorable because the chloride ion now possesses 
an octet of electrons like the "inert gas” argon and the sodium ion resembles 
neon in electron configuration. 


Ма: + “Cl: —> Nat "Gra 


. The Covalent Bond 


But Kossel’s theory did not go far enough. It was sufficient for bonding 
in many of the inorganic compounds involving a metal and a nonmetal atom, 
but the much larger number of nonionic organic materials would not fit into 
the scheme. Lewis provided a more general explanation. He proposed that 
the outer-shell electrons of interacting atoms could be either transferred or 
shared. 

The significant aspect of the Lewis theory was the idea that atoms in a 
molecule can attain favorable inert gas configurations of their outer electron 
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shells through the sharing of electrons. The covalent bonding phenomenon, 
applicable to most chemical compounds, has often been called the chemical 
bond. Linus Pauling was awarded the Nobel prize in chemistry in 1954 for his 
work on the nature of the chemical bond. 

As an example, consider the chlorine molecule, which consists of two 
identical chlorine atoms. Each atom shares one electron with the other, and so 
each atom completes its inert gas electron configuration. Because the two 
atoms involved are identical, the electron sharing is equal and no uneven 
charge distribution occurs. The chlorine molecule is covalent and nonpolar. 


:Cl- +.а: —> e ©: 


Lewis advanced the fundamental idea that the outer-shell electrons 
would exist in pairs whether or not they were involved in bonding. He fur- 
ther pointed out that the actual forces which hold atoms together in molecular 
arrangements must represent a compromise between attractive and repulsive 
forces. A quantitative interpretation of bonding was subsequently developed 
based on the theoretical concepts of quantum mechanics (Sec. 2-4). 


. Bonding in Methane 


How do typical organic compounds fit the Lewis theory of bonding? Let 
us first look at the simplest organic compound, methane. A molecule of meth- 
ane contains one carbon and four hydrogen atoms (СН). The carbon atom 
has four electrons available in its outer shell for bonding. Ionic bonding might 
be accomplished if those four electrons were donated to the four hydrogen 
atoms to provide an inert gas structure for carbon with a +4 charge. Each 
hydrogen atom would then possess an electron pair and associated negative 
charge. 


Another possibility is that each of the four hydrogen atoms could donate 
their one electron to produce a carbon octet inert gas structure with a —4 
charge. Each hydrogen atom would then possess a positive charge. 


H* 
e 


€ чан. Ht SC ge 
H* 


But, such a high concentration of positive or negative charge on the 
carbon atom is energetically unfavorable. Furthermore, the highly ionic char- 
acter of the compound predicted by either scheme is completely inconsistent 
with the actual nonionic nature of methane. Remember that the theoretical 
picture must fit the experimental observations. 
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Sharing of the four outer-shell electrons of one carbon atom with the 
single electron of each of four hydrogen atoms will, however, provide a favor- 
able inert gas configuration for all the atoms (two electrons for each hydrogen 
atom and eight electrons for the carbon). Furthermore, since the electrons are 
Shared rather than transferred, no net charge difference occurs and the mole- 
cule represented is not ionic. 


H 
4H: + °C: э HOCH 
H 


Methane 


The carbon atom of methane is connected to four hydrogen atoms and 
therefore has a coordination number of 4. Since four is the maximum number 
of atoms that can be bonded to carbon, we say that methane is a saturated 
hydrocarbon. Common organic molecules can include both saturated and 
unsaturated atoms. 

All of the outer-shell electrons associated with the carbon and hydrogen 
atoms are shown in the above structure of methane. This representation of 
the structure emphasizes the role of electrons in bonding and allows us to 
account for any electric charges on individual atoms. Structural formulas 
which show all the outer-shell electron pairs are called Lewis (electron dot) 
formulas. We will learn that more-simplified formulas are commonly used to 
represent organic molecules. 


Structural Formulas of Organic Molecules 


The Lewis theory of covalent bonding provided the foundation upon 
which chemists could develop structural representations of organic mole- 
cules. By using the criterion that most atoms that make up organic com- 
pounds will be associated with eight outer-shell electrons (only two for the 
hydrogen atom), one can put together a structural formula for almost any 
organic molecule. It is very important to recognize that the pictures we will 
develop are two-dimensional representations of three-dimensional mole- 
cules. Later in this chapter (Sec. 2-7), we will see how the Lewis picture as 
well as a quantum-mechanical approach to bonding can account for the actual 
spatial relations between the atoms of an organic molecule. 


Two-Dimensional Organic Formulas 


We can now extend the Lewis concept of a covalent bond to organic 
compounds more complex than methane by recognizing that the number of 
electrons required to complete the outer shell of an atom will be equal to the 
number of covalent bonds that the atom will form. Carbon forms four bonds; 
hydrogen and the halogens form one bond; oxygen and sulfur form two 
bonds; and nitrogen commonly forms three bonds. 

Consider the saturated hydrocarbon ethane, which has a molecular for- 
mula of С›Не. Because carbon is the only atom in the formula which can form 
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more than one bond, the two carbon atoms must be connected to each other. 
A conventional way to represent ethane as a Lewis formula is 


H H 
H CCH 
нон 


Ethane 


The reliability of the representation can be checked by determining if the 
formula is consistent with the actual number of electrons available from the 
atoms. The number of valence (outer-shell) electrons for each atom is ob- 
tained from the atom's position in the periodic table. Each carbon atom con- 
tributes four electrons, and each hydrogen atom contributes one electron. 
Thus 


Carbon 2x4= 8 
Hydrogen 6х1= 6 
Available electrons 14 


Our picture of ethane shows seven pairs of bonding electrons, or a total of 14 
electrons. The representation is consistent with the number of electrons avail- 
able. Ethane is a saturated compound, since all atoms possess their maximum 
coordination numbers. 

Methanol (wood alcohol) has a molecular formula of CH4O. A Lewis 
formula can be drawn by following our criteria that carbon will have four 
bonds, hydrogen one bond, and oxygen two bonds. Note that, of the eight 
electrons which constitute the inert gas configuration of the oxygen atom, 
four are shown as nonbonding pairs; that is, they are in the outer shell but are 
not involved in bonding. 


H 
Hego -H 

H 

Methanol 


We chose to place the hydroxy group (OH) to the right of the carbon 
atom in the formula above. Methanol can also be represented on a two- 
dimensional surface by other formulas. The three formulas shown below all 
illustrate the same molecule, in which a carbon atom is connected by single 
electron-pair bonds to three hydrogen atoms and one hydroxy group; only 
the arrangement on the page differs. 


H 


o 
HOCH HOO CHH He 
ү : 
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The hydrocarbon ethene (ethylene; C;H4) presents a somewhat different 
picture. The six atoms of ethene might be connected by single-bonding elec- 
tron pairs as 


цер о. 
H H 
But two problems are immediately obvious. Each carbon atom is associated 
with six rather than eight electrons and possesses only three bonds. 

If we add two electrons to each carbon atom, the electron octet can be 
satisfied, but carbon will still possess only three bonds. Furthermore, this 
formula utilizes two more valence electrons than are provided by the atoms of 
ethene and therefore must represent a dianion. 


ау [ГУ 2- 
ka 
H H 


Bonded 5x2=10 Carbon 2x4= 8 
Nonbonded 2x2= 4 Hydrogen 4x1= 4 
Electrons utilized 14 Available electrons 12 


Yet ethene, a well-known hydrocarbon of the petrochemical industry, is 
not an ionic compound. The accepted Lewis representation of ethene in- 
cludes two pairs of electrons shared between the two carbon atoms, that is, a 
double bond. Each carbon atom, though tricoordinate, possesses four bonds 
while sharing eight electrons. 


С, 
H H 
Ethene 
Ethene is an example of an unsaturated hydrocarbon; the coordination num- 
ber of each carbon atom is 3 rather than the potential maximum of 4. 

A third hydrocarbon, ethyne (acetylene), also possesses two carbon 
atoms. It has only two hydrogen atoms and the molecular formula СН». 
Using the concepts developed above we conclude that ethyne has a carbon- 
carbon triple bond. Like ethene, ethyne is an unsaturated hydrocarbon. 

НЕС Н 
Ethyne 


Compare the electrons utilized and available in the Lewis formulas of 


methanol, ethene, and ethyne. 


PROBLEM 
2-2 
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Formulas that show all bonding and nonbonding electrons are not nor- 
mally used to depict molecules. A line is usually used to represent an elec- 
tron-pair bond. The molecules above are thus represented by the following 
formulas: 


H HH 
| ELi AT 

H-C-OH  H-C-C-H JemÁ н-сәс-н 
H HH H H 

Methanol Ethane Ethene Ethyne 


Draw a Lewis formula for each of the following covalent molecules: 


a HCI c H;O е CHN 
b H;S d NH; f HOCI 


B. Structural Isomers 


Atoms of the preceding examples are easily arranged into unambiguous 
molecular formulas. But the ability of carbon atoms to form single and multi- 
ple bonds with each other may result in several structures with the same 
molecular formula. These are called structural (or constitutional) isomers. For 
example, two compounds with the molecular formula C3H6 are known. Both 
are gases. One, named propene (propylene), is represented by formula A, 
and the other—cyclopropane—is represented by formula B. 


H HH 


H 
H H C 
S ell Ete Wo 
GH ув od 
H H H H 
Propene Cyclopropane 
(bp res (bp Se 


The number of potential structural isomers increases very rapidly as the 
number of atoms increases. There are 2 compounds with the formula C4H;o, 
but there are 18 with the formula CgHjg and 75 with the formula CioH 2. Most 
of these isomers have been isolated and characterized. One of the important 
observations of organic chemistry is that the number of isomers found to have 
a given molecular formula has never exceeded prediction. That is a part of the 
experimental confirmation that the structural theory is correct. 

When trying to draw all of the potential isomers of a particular molecular 
formula, it is best to use some systematic approach to be sure that none are 
missed. Consider the formula СьНиа as an example. Begin by drawing a linear 
array of all six carbon atoms, then attach the fourteen hydrogen atoms. We 
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see that each carbon atom has four atoms attached to it. Each carbon is 
tetracoordinate and the compound is saturated (Sec. 2-1C). 


Vogel 
rm 
HHHHH 


Continue the process by drawing a linear array of five carbon atoms. The 
sixth carbon must then be attached to one of these. However, connecting this 
carbon to either end of the string of five carbons re-creates the six-carbon 
sequence above. Two points for connection that lead to new structures are at 
the second and third carbons from the end of the five-carbon sequence. Note 
that attachment at the fourth carbon position is the same as attachment at the 
second position when counting from the opposite end. Filling in the fourteen 
hydrogen atoms we have two isomers. 


H H 
PS ЙН IN V 
Did ТАМБ, 
трети 
ненен н НИНЕН НУН 


Next draw an array of four carbon atoms. The remaining two carbons 
can be attached individually to the second and third carbons, or they can both 
be connected to the second (or the equivalent third) carbon atom. Any other 
arrangement of these two carbon atoms leads to structures already drawn. 
Completion of the two formulas by connecting the fourteen hydrogen atoms 
provides two isomers. A total of five isomers are known for the molecular 
formula СН. 


H H H 
Wis pz ES 
ME UNT TY 
déc е eror pem 
H H H H H нн 
НМ 
HH 


PROBLEM Draw complete structural formulas for all isomers of 
2-3 a CHN € СУН 
b С:Н»СІ d CsHis 


PROBLEM 


2-4 
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a Draw formulas for the structural isomers of C;H4Br;. 


b Differentiation of the structures for C;H;Br; can be accomplished by 
a chemical reaction: substitution of one hydrogen atom by an atom of 
bromine. 


C,H,Br, P, C,H,Br, 


One isomer of C;H;Br; leads to only one isomer of СНзВгз, whereas 
the other C;H;Br; isomer produces two C,H3Br; isomers. Identify the 
C,H,Br, isomers and show the C,H;Br; isomers to which they lead. 


С. Common Structural Representations 


Drawing each bond to each atom is important in learning and under- 
standing the complexities of organic structure, but it is space-consuming and 
often cumbersome when large numbers of structures must be dealt with. 
Organic chemists have devised various alternative ways to represent struc- 
tures. Condensed structural formulas include all of the atoms but use line 
bonds only for emphasis of a structural characteristic or clarification of the 
drawing. Multiple bonds, however, are usually indicated by lines. Repetitive 
grouping may often be shown parenthetically: 


и 
Bouton fx. = CH,CH,CH,CH,CH, = CH,(CH,),CH, 
H. HH HH 
H 
BY 
Нин H CH; 


CH,CHCH,CH, = (CH,),CHCH,CH, 


= 

| 
CY 

| 
Ф: 
Су 

| 
T 
T 

D 


H = CH,CH=CH, 


Bond-line notation simplifies structural designation even further. Bonds 
are represented by lines and carbon atoms by line ends and intersections. Itis 
assumed that the requisite hydrogen atoms are present where they are neces- 
sary to complete the bonding pattern. Heteroatoms (atoms other than carbon 
and hydrogen) are drawn, and a hydrogen atom also is drawn when it is 
attached to a heteroatom. Bond-line notation is the usual method for repre- 
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senting cyclic structures: 


CH,CH,CH,CH,CH, 
CH, 
(CH, CHCH,CHNH, 
н, 
нс ~CHCH, 
нус бн, 


MN 


M 


Bond-line and condensed designations are often used together in order 


to clarify or emphasize a structure: 


єн» CH,CO;H 


PROBLEM 
2-5 


tion: 


a CH,CHBrCH,CH,CHO 
OH 
b (CH,),CHC(CH,)CH—CH, 


jm 
c CH,C—CCHCH,C(CHj), 


с 
CH,—CH 


CH; N 


Rewrite each of the following structural formulas in bond-line nota- 


о О 
е cu,  cHOCH, COH 
бн, 
Вг 
Е CH,—CHCH=NCH,CCH,OH 
Gi, 
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PROBLEM Rewrite each of the following structural formulas in condensed nota- 


B fisse 


2-6 tion: 


D. Index of Hydrogen Deficiency 


The molecular formula provides more than a trial-and-error approach to 
deducing the structural possibilities for a compound. Acyclic (noncyclic) satu- 
rated hydrocarbons have the general molecular formula С„Нои+2. This is the 
parent formula for a compound containing и carbon atoms. We can use the 
parent formula as a basis for calculating the quantity known as the index of 
hydrogen deficiency; IHD. The IHD is then used as a basis for predicting the 
number of multiple bonds and cycles (rings) present in the compound. 

To determine the IHD, one compares the number of hydrogen atoms in 
the unknown structure with that of the acyclic parent hydrocarbon containing 
the same number of carbon atoms. For each two hydrogen atoms missing 
from the unknown, an IHD of 1 is assigned. The IHD essentially represents 
the moles of H missing from the formula. \ 

For example, а compound with the molecular formula СН) has an 
index of hydrogen deficiency of 1 because the parent С hydrocarbon has 22 , 
(2 x 10 + 2) hydrogen atoms. Similarly, we can calculate that a compound 
CsHi4 has an index of hydrogen deficiency of 2 and the compound repre- 
sented by СН has an index of hydrogen deficiency of 4. 

The logic of the IHD follows from our understanding of molecular struc- 
ture. The presence of one double bond requires that the structure have two 
less hydrogen atoms (IHD of the compound = 1) to account for that extra 
bond to two of the atoms. Each cyclic structure also involves two fewer hydro- 
gen atoms than the parent and each triple bond results in four fewer hydro- 
gen atoms (IHD = 2) than the parent. Any IHD greater than 1 may be due to 
a combination of these structural variations; that is, an IHD of 2 could indicate 
two double bonds, two rings, one double bond and one ring, or one triple 
bond. Table 2-1 summarizes those variables. 
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PROBLEM 


2-7 


TABLE 2-1 Structural Characteristics as Related to Index of Hydrogen 
Deficiency 


General Formula Index of Hydrogen Deficiency’ Structural Characteristic 


C, Hoo 0 Saturated 
C, Ho, 1 One ring or double bond 
C,Ho,-2 2 Two rings or two double 


bonds or one of each or 
one triple bond 


м 
* The index of hydrogen deficiency has often been equated with “sites of unsaturation.” That is misleading, 
however, since the index of hydrogen deficiency corresponding to a cyclic structure does not indicate any 
unsaturated bonds. 


As an example of the use of the index of hydrogen deficiency, consider a 
hydrocarbon with the molecular formula C;Hs. The saturated parent hydro- 
carbon molecule containing 4 carbon atoms would have 10 hydrogen atoms 
Qn + 2 = 10). The formula under consideration is missing two hydrogen 
atoms, and so it has an index of hydrogen deficiency of 1. This tells us that all 
proposed structures must have either one ring or one double bond. Five 
structural isomers of C,H can be envisioned: 


CH,CH,CH—CH, CH,CH=CHCH, СН,=С(СН,), 


ol be 


The index of hydrogen deficiency does not identify the particular com- 
pound, but it does limit the possibilities for further consideration. A modern 
chemist could readily differentiate the structures using spectroscopic data 
(appendix). Chemical methods which will be introduced in subsequent chap- 
ters might also be employed for a final structural identification. 

Application of the index of hydrogen deficiency is not restricted to mole- 
cules containing carbon and hydrogen. The concept can be extended to mole- 
cules containing any atoms. The parent hydrocarbon formula, C,,H>,,+2, is still 
the basis for comparison. The rules for using the index of hydrogen deficiency 
concept with atoms of importance in organic compounds are: 


1 The presence of oxygen or sulfur atoms makes no change in the parent 
formula. 

2 Each halogen atom is regarded as the equivalent of one hydrogen atom. 

3 For each nitrogen atom present, one additional hydrogen atom is required 
in the molecular formula. 


Explain why the presence of a nitrogen atom in the molecular formula 


requires one additional hydrogen atom in the parent formula that is 
used as a basis for the IHD. MEC 
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Table 2-2 lists the indices of hydrogen deficiency for some representative 
compounds. 


TABLE 2-2 Indices of Hydrogen Deficiency of Representative Compounds 


Formula Index of Identification of 
of Parent Hydrogen Hydrogen-Deficient 
Structure Formula Compound Deficiency Structures 
(yw СеН5Вг СНзВг 4 3 C=C 
1 ring 
CbCHCH,C-CH C4H4Cb C4HsClo 2 2 from C=C 
NH, 
LE er CHuN — CcHisN 2 1 C=C 
Ж TN 1ring 
\ CCHGCEN CHN СУНУ 2 2 from CN 
SS 
| Сән; CoHzN 7 ACE 
2 1 C=N 
2 rings 
l \ C,H40 СНО 3 2 C=C 
О 1 ring 
(x —CH; CHO CsHigO 9 3 C=C 
6 { €=0 
1 ring 
А OH 
ERRT Ww 
"24109 or сн; Сено; 4 3 C=C 
Dar $ 2] OH 1 ring 
Асса. No.. .. bod 
TU-" CH;-CHCH;SH GHGS CHS 1 с=с 
(CH,),N—O:- GHNO CHNO 0 
PROBLEM Derive the index of hydrogen deficiency for each of the following for- 
2-8 mulas and describe the possible structural characteristics indicated. 
а CsHio с СН 
ашн m. W. Bb CioHis d СН, 
ka 


tome BO Lum 
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2-3 Electronegativity and Dipoles 


An important part of the Lewis theory is that sharing and transfer of 
electrons represent the extremes in a continuum of bonding possibilities from 
covalent to ionic. The nucleus of each atom has a certain ability to attract 
electrons—its electronegativity. As a result, atoms involved in covalent 
bonding may attract the shared electrons to a different extent. Even a covalent 
bond can possess charge imbalance; i.e., it may have some degree of polarity. 

The concept of polar-to-nonpolar covalent bonding provides a unified 
theory which can be used to explain many physical properties and reaction 
characteristics of compounds. Throughout our studies we will see that the 
theory of the electronic nature of molecules is the basis for understanding and 
predicting the chemistry of organic compounds. 


. Electronegativity 


Organic chemists are principally concerned with electronegativities as 
they relate to carbon. Many of the atoms commonly found in organic mole- 
cules (with the exception of hydrogen) are more electronegative than carbon. 
The alkali metals and alkaline earth elements of importance in organometallic 
compounds are less electronegative than is carbon. They are often considered 
to be electropositive in organic molecules. 

Pauling developed a scale of relative electronegativities for most atoms 
of the periodic table. The larger the numerical value, the greater the electron- 
attracting ability of an atom. Electronegativity increases with movement from 
left to right across the periodic table. Halogens are relatively electronegative 
elements. Electronegativity also increases with movement upward in a col- 
umn of the periodic table. Fluorine is the most electronegative element. (Inert 
gases are not given values on the Pauling electronegativity scale.) 

It is important to recognize that the electronegativities of individual 
atoms are affected by other atoms of a molecule. They depend on oxidation 
states of the atoms as well as distances between atoms. Their combined ef- 
fects influence molecular properties. Though other electronegativity scales 
have been developed, the Pauling scale, Table 2-3, provides a reasonable basis 
for explaining many properties of organic molecules. 


TABLE 2-3 Electronegativity Values for Selected Elements 


H 

22 

Li Be B N [9] F 
1.0 1.6 2.0 3.0 3.4 4.0 
Na Mg AI P S СІ 
0.9 1.3 1.6 2.2 2.6 3.2 
K Ca Zn Br 
0.8 1.0 de sow. al Fi 


а [6] 
ча. 
= 


PROBLEM 


2-9 
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Suggest a rationale for the trend in electronegativity relative to position 


in the periodic table. 


B. Bond Dipoles 


PROBLEM 
2-10 


When one carbon atom forms a bond to another carbon atom, each atom 
attracts the electrons of the bonding pair to about the same extent. In the 
covalent bond that is formed, the electrons are almost equally shared. At the 
other extreme of the continuum, two atoms with very different electronega- 
tivities combine to form an ionic bond. 

Bonding between atoms of slightly different electronegativities results in 
a covalent bond in which the electron density lies closer to the more electro- 
negative atom. The bond is said to be polar because of the unequal charge 
distribution. Polar bonds are often labeled with the Greek letter delta (5) and 
an arithmetical sign (+ or —) to indicate the small unequal charge distribu- 
tion. 

Uneven charge distribution along a chemical bond gives rise to a bond 
dipole. A dipole is designated by an arrow drawn in the direction of 
the dipole with the arrowhead at the negative end and a + at the positive 
end. 


ô+ 18 5+ 8- 
26-6 
T + 


Dipole moments of individual bonds can be calculated from atom elec- 
tronegativities and correlated with experimentally determined molecular di- 
pole moments. The net dipole of a molecule is a result of the individual bond 
dipoles in the molecule. Dipole moments are designated by the Greek letter 
mu (u) and measured in Debye units (D). (Peter Debye was awarded the 
Nobel prize in chemistry for 1936.) 


H, у 
нус-а Erg ore ere 
H 
+ 
Molecular dipole moment Individual bond dipole moments 


Predict the direction of the dipole moment for each of the following 
molecules: 


а CH;—Br c CH,CH;—NH, 
b (CH3,C—0O d CH4CCl 
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PROBLEM 


2-11 


Two isomers of 1,2-dichloroethene can be differentiated by their dipole 
moments. One has the value д = 1 D and the other д = 0 D. All atoms 
of each molecule lie in the same plane. Assign one of those dipole 
moments to each of the following structural formulas: 


хе 


den 


1,2-Dichloroethene 


(The bonding sequence of these stereoisomers is the same; only the 
spatial arrangement of the molecules differs. Stereoisomers will be dis- 
cussed in Chap. 6.) 


C. Formal Charges 


The structural formulas which we assign to various molecules and other 
chemical species often have electric charges associated with particular atoms. 
Such formal charges can be correlated with electronic structure by consider- 
ing the valence and nonbonded electrons associated with each atom in the 
formula. Formal charges may even be assigned to atoms in electrically neutral 
molecules in which all bonds are covalent. 

To calculate formal charge, the electrons which "belong" to an atom are 
compared with the number of valence electrons the atom would have in an 
unbonded state; that is, the number of its column in the periodic table. The 
chloride ion (:Cl:~), for example, has eight electrons whereas a chlorine 
atom has only seven. The one extra electron accounts for the negative charge 
on the chloride ion. 

For purposes of calculating formal charges of covalently bonded atoms, 
Shared electrons are divided equally between the two bonded atoms. In the 
carbonate ion, (CO3)*~, the carbon atom shares an electron octet with the 
oxygen atoms. The carbon is assigned one of the electrons from each of the 
single bonds to oxygen and two electrons from the four-electron double bond. 
A modified Lewis structure using an X for each electron which "comes from" 
carbon exemplifies the assumption. 


ТО: :0: 
I 


оо Os 


The charge on carbon is calculated to be zero, since its four electrons 
equal the number in the valence shell of a carbon atom. The doubly bonded 
oxygen also is uncharged. It possesses two pairs of nonbonding electrons 
plus two of the four electrons shared with carbon in the double bond. The 
total of six electrons is equal to the number of valence electrons of an oxygen 


atom. 


PROBLEM 


2-12 


PROBLEM 
2-13 
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The single-bonded oxygen atoms each possess six nonbonding electrons 
plus one electron of the bonding pair. The total of seven electrons exceeds by 
one the total of an oxygen atom's valence electrons, so that each of the oxygen 
atoms is assigned one negative formal charge. 

Some organic molecules, though electrically neutral, are actually com- 
posed of atoms assigned compensating formal charges. The nitro and amine 
oxide groups account for formal charges within the neutral molecules 
nitromethane and trimethylamine oxide. 


ye) Ч xoc 
CHN, (CH39N—O : ~ 


Nitromethane Trimethylamine oxide 


Account for the formal charges of nitromethane and trimethylamine 


oxide. 


Some bonded atoms may have the same valence shell electron configu- 
rations yet possess different formal charges. Such atoms are labeled isoelec- 
tronic. À fluorine atom and the oxygen anion in organic molecules are isoelec- 
tronic species, as are a saturated carbon atom and the tetracoordinate 
nitrogen atom of an ammonium ion. 


phis sinis 
T Fipra UR 


Calculate the formal charge of each isoelectronic atom in the following 
groups: 
aH—B—H апа H—C-H 
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PROBLEM 


2-14 


Draw a complete Lewis structure for each of the following molecules or 
ions and indicate formal charges. (None of the structures have O—O 
bonds.) 


a HCN e NO; 


b CO, T 
f NO 
c HCO; \ / 


d сн.5- 


2-4 Quantum Mechanics and Atomic Orbitals 


Thomson’s discovery of the electron in 1897 provided a starting point for 
our modern electronic theories of atomic structure. Thomson proposed that 
an atom is composed of a sphere of positive charge in which electrons are 
embedded. Lord Rutherford (Nobel prize in chemistry, 1906) provided clear 
evidence that atoms are mostly space, and he suggested that electrons circu- 
late around a positively charged nucleus in a manner analogous to the rota- 
tion of planets about the sun. 

Yet experimental observations during the early part of the twentieth 
century demonstrated that the motion of electrons and other submicroscopic 
entities cannot be treated by the mathematics of classical mechanics. The laws 
of newtonian motion simply do not apply to the world of the atom. A new 
theoretical tool known as quantum mechanics developed to provide explana- 
tions for the experimental results. 


. Quantum Mechanics 


Niels Bohr (Nobel prize in physics, 1922) modified the Rutherford “plan- 
etary model" so as to restrict electrons to a limited number of orbits. He 
proposed that each electron orbit was associated with a specific energy level. 
The energy levels were said to be quantized, and quantum numbers (specific 
integer numbers) were assigned to each electron orbit. 

Theories of quantum mechanics which provide a general basis for our 
modern understanding of the structure of atoms and molecules were pro- 
posed in the mid-1920s. The physicist Louis de Broglie (Nobel prize in phys- 
ics, 1929) suggested that electrons have the characters of both particles and 
waves. The demonstration that light has properties of a wave as well as the 
momentum associated with particles may have inspired de Broglie's pro- 

osal. 
: A fundamental concept for the application of quantum mechanics to the 
atom is the Heisenberg uncertainty principle, which states that it is not pos- 
sible to determine simultaneously the precise position and momentum of an 
electron. We cannot—in terms of quantum mechanics— represent an electron 
as a point in space or as a particle moving in a definitely prescribed path. 
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The impact of quantum mechanics on scientific thinking was truly re- 
markable. Although Werner Heisenberg was awarded the Nobel prize for 
physics (1932) for the creation of quantum mechanics, at least nine other 
Nobel laureates are associated with the early developments in this area. 


. Atomic Orbitals 


Erwin Schródinger (Nobel prize in physics, 1933) developed a wave 
equation to represent an electron associated with an atomic nucleus. The 
solution of the wave equation for a hydrogen atom led to three different kinds 
of quantum numbers which describe the spatial orientation of the electron 
relative to the nucleus. Energies calculated for electrons assigned to the vari- 
ous solutions of the wave equation gave exactly the differences between en- 
ergy levels of the hydrogen atom already known from spectroscopy. Results 
obtained for the hydrogen atom are still the model for more complex atoms. 

Solutions to the wave equation describing an electron are usually desig- 
nated by the Greek letter psi (у). The solutions are called orbitals by analogy 
to the orbits of the classical planetary model. Whereas an orbit is the equation 
of a line, an orbital is a mathematical function that has a finite value every- 
where in space. 

The value of the square of the wave function (42) at any place in space is 
considered to be a measure of the probability of finding the electron at that 
particular place. The solution of the wave equation for a hydrogen atom with 
its electron. in the lowest quantum energy level (principal quantum 
number — 1) describes a spherical region of electron probability about the 
nucleus (Fig. 2-14). This is a 1s atomic orbital with greater than 95 percent 
probability that the electron will be found within 1.7 À (170 pm*) of the nu- 
cleus. 

When the wave equation is solved for an electron in the next higher 
energy level (principal quantum number — 2), the solution describes two 


* The picometer (pm = 10-12 m) is a unit of length in the SI (Systeme Internationale). To convert 
A to pm, multiply by 100. 


FIGURE 2-1 

The shapes of 
(a) 1s, (b) 2s, 
and (с) 35 
atomic orbitals. 


© 


(a) (b) 
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spherical regions of high electron probability. One is near the nucleus like the 
1s, and another is farther away. The second atomic orbital is designated 2s 
(Fig. 2-1b). A related result which describes three regions of high electron 
probability is obtained for the 3s atomic orbital (Fig. 2-16). 

Solutions to the wave equation for the second quantum energy level of a 
hydrogen atom describe three additional atomic orbitals. These orbitals are 
symmetrical about three mutually perpendicular axes and possess major elec- 
tron probability in regions (lobes) on either side of the nucleus, but zero 
electron probability at the nucleus. [A point of zero probability (у? = 0) is 
known as a node in the terminology of wave phenomena. ] 

The three orbitals are of equal energy (somewhat higher than that of the 
2s orbitals) and are oriented at right angles (90°) to each other. They are desig- 
nated as 2p,, 2p,, and 2p. atomic orbitals (Fig. 2-2) where x, y, and z are the 
axes of the orbitals and correspond to the three-dimensional cartesian coordi- 
nates. 

We will be able to describe the electron configurations and bonding char- 
acteristics of most atoms in organic molecules by using the 1s, 2s, and 2p 
orbitals. Figure 2-3 illustrates the relative energy levels of atomic orbitals of 
most interest to organic chemists. When orbitals are calculated for atoms 
below the second row of the periodic table such as sulfur and phosphorus, 3s, 
3p, and five additional 3d atomic orbitals must be considered. 


FIGURE 2-2 
The shapes of 
the 2p atomic 
orbitals. 


y 

| 3 | 

г 
2p, 

y 
Py 
Px 
x 
Pz 
2 


2-4 Quantum Mechanics and Atomic Orbitals 29 


FIGURE 2-3 
Relative energy 
levels of atomic 
orbitals. 
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. Electron Configurations 


Three quantum numbers appear in solutions of the wave equation for 
the hydrogen atom. These quantum numbers are used to assign electrons to 
specific energy levels, i.e., to the atomic orbitals s, p, and d. However, the 
concepts of quantum mechanics require four quantum numbers to uniquely . 
designate an electron. The fourth, known as the spin quantum number, can 
have only two values, +2 and —¥2. The result of these theoretical restrictions 
is expressed by the Pauli exclusion principle, which states that only two 
electrons can be accommodated by a given atomic orbital. The two electrons 
assigned to a specific atomic orbital must have opposite spin quantum num- 
bers; that is, their spins must be paired. (Wolfgang Pauli was awarded the 
Nobel prize in physics in 1945 for his contributions to quantum mechanics.) 

We can now develop a picture of the electron configurations for some of 
the atoms of the periodic table. Electrons are assigned to atomic orbitals one at 
a time so as to fill the orbitals of one energy level before proceeding to the next 
higher level. The electrons are commonly designated by arrows pointed up- 
ward (1) or downward (|) to represent the two possible spin states. 

A hydrogen atom in its most stable form possesses one electron, which 
is placed in the 1s atomic orbital. The lowest-energy atomic orbital of a helium 
atom is also 1s. Two electrons with opposite spin quantum numbers are ac- 
commodated by the orbital. The helium 1s orbital is filled and represents an 
inert gas configuration (Fig. 2-4). 

Atoms in the second row of the periodic table have atomic orbitals acces- 
sible from the first and second quantum levels, that is, 1s, 2s, and 2p. Elec- 
trons are assigned first to fill the lowest energy 1s orbital, then the 2s, and 
finally the 2p orbitals. When electrons are placed in orbitals of identical energy 
(degenerate orbitals), Hund's rule states that electrons with the same spin are 
placed singly in all the degenerate orbitals before two electrons are paired. 


FIGURE 2-4 
Electron configu- 
rations of the 
first-row ele- 
ments. 
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FIGURE 2-5 


Electron configu- 
rations of some 
second-row ele- 


ments. 
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Figure 2-5 illustrates the buildup of electron configurations for some second- 
row elements. 


Draw the electron configurations for fluorine, neon, and chlorine 


atoms. 


Molecular Orbitals and Bonding 


Quantum mechanics provides a picture of the electron configuration of a 
hydrogen atom which serves as a model for other atoms. The ideas developed 
for a single atom can also be extended to the interactions between atoms, that 
is, to bonding. In this section we will see that solutions to the wave equations 
used to describe the electrons of two individual atoms are combined to give 
molecular orbitals. Rules developed for working with atomic orbitals can be 
modified and applied to molecular orbitals. The results are that probability 
functions similar to those derived for atomic orbitals describe the electrons 
associated with chemical bonds. 


A Linear Combination of Atomic Orbitals 


The simplest approximate quantum-mechanical picture for the electrons 
of a chemical bond is derived from the combination of hydrogenlike wave 
functions (i4 and y») for the two atoms. The new wave function is a linear 
combination of atomic orbitals (LCAO). 

Like waves generated on the surface of a pond, the electron wave func- 
tions can interact in a constructive or destructive manner. The constructive 
combination of atomic orbitals increases electron probability between the nu- 
clei and leads to an energetically favorable bonding molecular orbital (фв). 
An antibonding molecular orbital (фл) results from the destructive interac- 
tion and has a region of zero electron probability (a node) between the nuclei 


(Fig. 2-6). 
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FIGURE 2-6 
Electron proba- 
bility schematic 
diagram for 
bonding and 
antibonding 
molecular orbit- 
als derived from 
a linear combi- 
nation of hydro- 
gen 15 atomic 
orbitals. 


FIGURE 2-7 


Graphic approx- 


imation of the 
molecular- 
orbital electron 
configuration 
derived from а 
combination of 
two hydrogen 
atomic orbitals. 
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In the example above two atomic orbitals have been combined to pro- 
duce two molecular orbitals. The number of molecular orbitals must always 
equal the number of atomic orbitals which are combined. 

Electrons are assigned to molecular orbitals using the same criteria 
which were employed for atomic orbitals: 


1 Molecular orbitals are filled beginning with the lowest energy levels. 

2 Electrons enter degenerate molecular orbitals singly, with the same spin 
quantum number, before pairing. 

3 No more than two spin-paired electrons can be accommodated by a molec- 
ular orbital. 


Formation of a hydrogen molecule illustrates the method. The simplest 
graphic approximation depicts two identical hydrogen atomic orbitals com- 
bining to give a bonding and an antibonding molecular orbital. The bonding 
molecular orbital is energetically more favorable than the original atomic or- 
bitals, while the antibonding molecular orbital is less favorable. Two elec- 
trons—one from each atom—are accommodated in the bonding molecular 
orbital. The antibonding molecular orbital remains empty in the ground state 
of a hydrogen molecule (Fig. 2-7). 
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B. Sigma and Pi Bonds 


Favorable interaction between 1s atomic orbitals of two hydrogen atoms 
produces a molecular orbital that is cylindrically symmetrical about the inter- 
nuclear axis. Electrons assigned to such a molecular orbital have a high proba- 
bility of being located in the volume between the nuclei. The bond formed 
when two electrons occupy such a molecular orbital is known as a sigma (0) 
bond. An associated antibonding orbital is termed sigma star (0”). 


ооо O 


1s atomic orbitals of Overlap of a pair Molecular orbital of o 
two hydrogen atoms of 1s orbitals bond of an Нә molecule 


Two different kinds of atomic orbitals can also combine to produce the 
molecular orbital of a sigma bond. Combination of a 1s and a 2p atomic orbital 
leads to a molecular orbital of somewhat different shape than that formed by 
two 1s or two 2p atomic orbitals, but the highest electron probability is again 
oriented symmetrically around the internuclear axis. Sigma bond molecular 
orbitals ordinarily accommodate electrons assigned to single bonds in or- 
ganic molecules. 


ICO DO Co 


1s orbital 


2p orbital Overlap of 1s and 2p orbitals Molecular orbital of с bond 


The other important type of bonding in organic molecules is the pi 
bond. Pi bonds are the result of the interaction of parallel p orbitals located on 
adjacent atoms. Such side-to-side interaction of these p orbitals leads to a 
bonding pi (л) molecular orbital and an associated antibonding pi-star (77*) 
molecular orbital. Electrons assigned to the bonding orbitals have the great- 
est probability of being located in regions above and below the internuclear 


= 


Two parallel orbitals А 7 bonding molecular 
side-by-side orbital 
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Pi molecular orbitals are associated with the multiple bonds, of organic 
compounds. Carbon-carbon and carbon-oxygen double bonds are important 
examples. Four electrons occupy the bonding orbitals of these double bonds. 
Two electrons are assigned to the sigma bond located along the interatomic 
line and two electrons are assigned to the pi orbital above and below the 
molecular plane. 


Hybrid Orbitals 


Extension of the concepts of atomic orbitals to molecules provides a 
reasonable correlation with properties of the hydrogen molecule, but it does 
not account for many of the characteristics of more complex compounds. 
Pauling and Slater provided a modified picture of bonding by introducing the 
idea of hybrid orbitals. Let us see how this can explain the spatial orientation 
of bonds in organic molecules. 


. Tetrahedral Carbon— The sp? Hybrid Orbital 


Methane is the simplest hydrocarbon which possesses a tetracoordinate 
carbon atom. The molecule is known to have four equivalent carbon- 
hydrogen bonds, with all H—C—H bond angles identical. 

А carbon atom does, in fact, have four electrons in the second quantum 
level (Fig. 2-5). However, the two electrons assigned to the 2s atomic orbital 
are paired and appear to be unavailable for bonding. How then does molec- 
ular-orbital theory account for the four bonds in methane? 

One way to provide four electrons for bonding by a carbon atom is to 
envision one electron being promoted from the 2s to the empty 2p orbital. 
Although promotion of an electron to a higher level requires additional en- 
ergy, formation of a new bond readily compensates for this energy. Four 
unpaired electrons assigned to the 2s and three 2p orbitals are now available 
to form bonds to four hydrogen atoms (Fig. 2-8). 

But that theoretical picture still does not explain the bonding in meth- 
ane. A bond which utilizes the carbon 2s orbital would surely be different 
from the three bonds that could be formed with 2p orbitals. Yet experimental 
data tells us that all four bonds of methane are equivalent. 


FIGURE 2-8 
Promotion of a 
2s electron into 
а 2p orbital of 
carbon. 


E E 


34 Bonding in Organic Molecules 


FIGURE 2-9 
Generation of 
four sp? hybrid 
orbitals. 


PROBLEM 


2-16 


y Dy 
OD 
г 
2s orbital 2p, orbital 
2p, orbital 
2p, orbital 
Hybridize 
109.5* 


Four sp? atomic orbitals for one carbon 
(small back lobes of orbitals omitted) 


Quantum mechanics resolves the dilemma by formulating a mathemati- 
cal model of hybrid orbitals that are derived by mixing the one 2s and three 2p 
atomic orbitals of carbon. The four equivalent hybrid orbitals that are formed 
are designated as sp? (Fig. 2-9). 

The hybrid orbital theory accounts not only for the four equivalent C—H 
bonds of methane but also for the tetrahedral angles (109.5?) between those 
bonds (Fig. 2-9). Furthermore, the major electron density probability associ- 
ated with each sp? hybrid orbital is located on one side of the nucleus rather 
than symmetrical to the nucleus as is the case for s and p atomic orbitals. 
Formation of a sigma bond with the hybrid orbital of one atom and the atomic 
or hybrid orbital of another atom is energetically favorable. The development 
of stronger bonds by hybrid orbitals compensates for the energy required to 
form the hybrid orbitals. We will see that bonds to a saturated carbon atom 
can be accounted for by postulating sp? hybrid orbitals. 


Draw an orbital picture of methane and one of ethane. 
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o O ac 


s orbital sp? orbital s-sp® atomic orbital overlap а bond orbital from carbon 


sp? and hydrogen s orbitals 
sp? sp? 


Overlapping sp?-sp? atomic orbitals а bond orbital from two sp? 
hybridized orbitals of carbon 


B. sp? and sp Hybrid Orbitals 


Ethene is the simplest hydrocarbon that possesses a carbon-carbon dou- 
ble bond. The six atoms—two carbons and four hydrogens—lie in a common 
plane with bond angles of approximately 120°. 

H H 
А 
с=с 


н H 
Ethene 


The bonding in ethene can be accounted for by assuming that each car- 
bon atom utilizes three sp? hybrid orbitals and one p orbital. The three sp? 
hybrid orbitals originate from the combination of one 2s and two of the three 
2p atomic orbitals. The major electron densities (orbital lobes) of the sp? hybrid 
orbitals lie in a common plane perpendicular to the remaining unhybridized p 
orbital and with 120° angles between their axes. Their orientation is trigonal. 


p 
120* 
2 
eV. 
sp? 
sp? 


Three sp? orbitals lying in Side view 
one plane, top view 
The molecular orbital resulting from overlap of two sp? hybrid orbitals, 
one from each carbon atom, accommodates the two electrons of the carbon— 
carbon sigma bond. Parallel overlap of the remaining p orbital of each carbon 
atom forms the molecular orbital of the pi bond. The remaining two sp? orbit- 
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als of each carbon atom, when combined with each of the hydrogen atom 1s 
orbitals, form molecular orbitals and associated sigma bonds to the four hy- 
drogen atoms. 


Orbital picture of ethene 


Triple bonds are described by using two sp hybrid and two p orbitals at 
each carbon atom. The mixing of one 2s and one 2p orbital produces two sp 
hybrid orbitals with their axes along a common line that passes through the 
carbon nucleus, a linear geometry. The axes of the remaining two 2p orbitals 
at each carbon atom are located at 90* angles to each other and to the sp 
orbitals. Overlap of two pairs of parallel p orbitals leads to two pi bonding 
molecular orbitals with electron density probability that is approximately cy- 
lindrically symmetrical about the carbon-carbon sigma bond. 


Side view End view 


Pi orbitals of a triple bond 


PROBLEM Draw an orbital picture of 
2-17 


a A carbonyl group 


b A nitrile group 


2-7 Bond Angles 


Our initial view of the structure of organic compounds involved the use 
of two-dimensional structural formulas (Sec. 2-2A). Such two-dimensional 
formulas will be the most common method by which we represent molecules. 
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Yet symmetrically substituted saturated molecules such as methane and tetra- 
chloromethane (carbon tetrachloride) have 109.5? bond angles about the car- 
bon atom as predicted for bonding through four sp? hybrid orbitals. They 
have a tetrahedral shape and are three dimensional. 

But the bond angles associated with an unsymmetrically substituted car- 
bon atom are not necessarily equal. Chloromethane (СНЗСІ), for example, has 
H—C-—H angles of 110°, whereas the H—C—Cl angles аге 108°. In fact, we 
will find that bond angles of most molecules exhibit minor deviations from 
the angles predicted by the fundamental orbital pictures presented in the 
preceding sections. 

Since theory is simply a means to account for experimental facts, a new 
approach might be introduced. Actually, a slightly modified orbital picture is 
commonly used to account for deviations in bond angles. Another explana- 
tion is based upon repulsions between electron pairs. We will see that an 
explanation combining a number of factors often provides the most convinc- 
ing picture of molecular structure. 


. Modified Hybrid Orbitals 


Hybrid orbitals are commonly represented as integer combinations of 
atomic orbitals (sp, sp?, 5р3). Because hybrid orbitals are formulated mathe- 
matically by combining atomic orbitals, we might also derive a noninteger 
combination, for example, sp^? or sp. The only restriction is that the total of 
the orbital combinations assigned to a particular atom must equal the number 
of atomic orbitals provided by that atom. 

When actual bond angles deviate from the angles associated with the 
basic orbital combinations, theory predicts a change in the orbital designa- 
tions. The bond angles of chloromethane, for example, are not exactly tetra- 
hedral. Using the fact that interorbital angles increase with the increasing 
percentage of s character in the orbital, it has been calculated that the orbital 
character at the carbon of chloromethane is best represented as sp?! for the 
C—CI bond and вр? for the C—H bonds. That is, there is an increase in the р 
character of the C—CI hybrid orbital lobe and a decrease of the p character of 
the C—H hybrid orbital lobe as compared to sp. 


(sp?!) 108,2 H 
d ye 
NH 
Chloromethane* 


Such modified hybrid molecular orbitals are also consistent with predic- 
tions of a change in electron density along the sigma bonds. In the chloro- 
methane molecule the electronegative chlorine atom attracts electron density 
away from the carbon atom. Because p electrons are further from the nucleus 
than are s electrons, we expect that the orbital contribution by the carbon 


* Broken and solid wedges are out-of-plane representations of bond lines (Sec. 6-1). 
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PROBLEM 


2-18 


PROBLEM 


2-19 


atom to the C—CI bond will indeed have more p and less s character than that 
to the C—H bonds. 

Similar reasoning can be extended to atoms with nonbonding electrons. 
The C—N—C bond angles of N,N-dimethylmethanamine (trimethylamine) 
are 108°. If we consider that four orbitals on nitrogen accommodate the three 
C—N bonds and the nonbonding electron pair, a tetrahedral geometry (109°) 
is the model predicted. The nonbonding electrons are close to the nucleus, 
since they are not extended outward in bonding. More s character is therefore 
associated with the orbital in which these electrons are located. As a conse- 
quence, greater p character must be assigned to the N—C bond orbitals and 
the angles are slightly smaller than tetrahedral. 


Rs 
күш 
ICH; 

CH, 
N,N-Dimethylmethanamine 


Calculate the percent of s and р character in the sp?, sp?, and sp hybrid 


orbitals. 


The bond angles around the central carbon atom in propane are 


C—C—C, 112° and H—C—H, 106°. What approximate hybrid orbitals 
should be assigned to the bonds? 


B. Valence Shell Electron-Pair Repulsions 


Angular dependence of molecular orbitals is only one of the explana- 
tions for experimentally observed bond angles. Another rather simple ration- 
ale is based on the assumption that pairs of electrons, both bonding and 
nonbonding, will tend to move as far from each other as is possible. The 
valence shell electron-pair repulsion (VSEPR) theory does a remarkably 
good job of predicting major features of molecular geometry. 

Consider the symmetrically substituted carbon atom of methane. All the 
bonds to the hydrogen atoms are identical; thus the bonding electron pairs 
are expected to repel each other with equal force. The result of the mutual 
repulsion by four identical pairs of electrons is that the carbon-hydrogen 
bonds are directed toward the corners of a tetrahedron. 

We can extend the VSEPR theory to tetracoordinate carbon atoms which 
are not symmetrically substituted. In chloromethane the electronegative chlo- 
rine atom attracts electron density away from the central carbon atom. Elec- 
tron-pair repulsions along the carbon-chlorine bond decrease, and conse- 
quently the CI—C—H bond angles decrease from a tetrahedral geometry. 


PROBLEM 


2-20 


PROBLEM 


2-21 
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Use the VSEPR theory to account for the bond angles observed in 
difluoromethane. 


Fon 
H—C., 

В "F 
1122 —H 


Now consider molecules possessing atoms with nonbonding electron 
pairs. Nonbonding electrons are closer to the nucleus than are bonding elec- 
tron pairs. Repulsions between nonbonding electrons and adjacent bonding 
electrons are therefore expected to be greater than those of bonding pairs and 
therefore the angles between the bonding orbitals will decrease. The bond 
angles in a sequence of compounds in which the central atom possesses zero, 
one, and two nonbonding electron pairs illustrate the effect. 


H, Н, H 
и М ШШ, zi {7 ney, ) 
S 104.5? 
” c AN. 
uH үн H 


Methane Ammonia Water 


Provide a VSEPR explanation for each of the following observations: 


a The H—N—H bond angles of the ammonium cation (NH?) are 
greater than the H—N—H bond angles of ammonia (: NH3). 


b The bond angles of hydrogen sulfide (H—$—H) are less than those 
of phosphine (: PH). 

c The bond angles of HS (92°) and PH; (93°) are much smaller than the 
bond angles of NH;. 


Boron trifluoride and the methyl cation are planar and possess 120° bond 
angles. In each of these species, repulsions between the electron pairs of three 
equivalent bonds lead to a trigonal planar shape. 


P a 
Hee 120° ЕВ 120° 
N N 
H F 
Methyl cation Boron trifluoride 


The tricoordinate carbon atoms of an alkene or carbonyl group also form 
bonds with angles near 120*. But in these examples the unsaturated double 
bond has two electron pairs—those of the sigma and pi bonds. Repulsions by 
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PROBLEM 


2-22 


PROBLEM 


2-23 


PROBLEM 


2-24 


these two pairs are somewhat greater than those between the single bonds, so 
that deviation from exact 120° trigonal geometry is observed. 


Use the VSEPR theory to account for the different bond angles in the 


following compounds: 
125° 123° 121.5° 
CI H 
s jew SN 
110° ен, 114° 68% 117° вн, 
Е CI H 


Another factor which has an important influence on shapes and proper- 
ties of molecules is nonbonded repulsion between atoms within the mole- 
cule. The effective size of an atom or group is measured by the van der Waals 
radius of that atom or group. When two atoms which are not bonded together 
come within each other's van der Waals radii, strong repulsion takes place. 
Spatial interactions are, in part, simply a consequence of the fact that two 
objects cannot occupy the same space at the same time. We will see that such 
steric effects will play a significant role in our interpretations of chemical 
reactivity. 


a Provide an explanation for the change in bond angles in the follow- 
ing series of compounds: 


Е 126° Cr 124.5? H 122° 
108° ( C=0 111° ( C—O 116* ( гэй 
vá "4 / 
E CI H 


b Account for the difference in bond angles for the carbonyl com- 
pounds of part a and the closely related alkenes of Prob. 2-22. 


c Does the size of atoms play a role in bond angles in the examples of 
Probs. 2-22 and 2-234? 


Use both hybrid orbital and VSEPR theories to predict: 
a The C—C—C bond angle in 1,2-propadiene (HxC—C—CH;) 


b The geometrical shape of the tricoordinate carbon anion (a carban- 
ion, H3C: ) 
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2-8 Bond Energies and Distances 


Formation of a chemical bond is energetically favorable. Energy is re- 
leased and the process is termed exothermic. Conversely, the cleavage of a 
bond requires the addition of energy, an endothermic process. 

In this section we will learn that the energy of a chemical reaction is 
principally associated with the energies of the bonds which are broken and 
formed. The net result of bond-making and bond-breaking processes will be 
exothermic in some cases and endothermic in others. We will consider the 
energy characteristics of organic reactions in more detail in Chap. 5 and learn 
why most exothermic reactions do not proceed spontaneously. 


А. Bond Energies 


Kinetic energy is the energy of motion, i.e., of the movement of an 
object. Vibrations, rotations, and translation of molecules are manifestations 
of kinetic energy. Potential energy is the energy available to an object because 
of an external force acting on that object. Gravitational forces are a familiar 
source of potential energy. The energy of a chemical bond is a form of poten- 
tial energy that arises from attractive forces between atoms. 

Bond energies are specified in two ways. The average bond energy is a 
measure of the average of all similar bond energies in a molecule. A bond 
dissociation energy is a measure of the energy required for cleavage of a 
specific chemical bond. 

Consider the two ways of designating the bond energies of methane. 
Cleavage of the four carbon-hydrogen bonds to form the component atoms 
requires a total of 397 kcal/mol (1660 kJ/mol*). The average bond energy of a 
C—H bond in methane is therefore 99.3 kcal/mol (415 kJ/mol). 


сн, —> :C: c 4H: АН" = 397 kcal/mol (1660 kJ/mol) 


When the energies required to break individual bonds in methane are 
considered, we find that each energy is different. These varying energies are 
the bond dissociation energies, and they reflect the effect of the remaining 
portion of the molecule on the bond being broken. 


CH, — -CH + H: AH? = 102 kcal/mol (427 kJ/mol) 


„СН: — CH; +H: AH? = 110 kcal/mol (460 kJ/mol) 
-CH, —> "CH EH: AH* = 104 kcal/mol (435 kJ/mol) 
“CH —> cC +H" AH? = 81 kcal/mol (339 kJ/mol) 


A compilation of average bond energies (Table 2-4) reveals certain gener- 
alities. Most single bonds have energies of 50 to 100 kcal/mol (200 to 400 kJ/ 
mol). Single bonds between atoms with unshared electron pairs are usually 


* Kilojoules per mole (kJ/mol) is an energy unit in the SI (Systeme Internationale). To convert 
kcal/mol to kj/mol, multiply by 4.18. 
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TABLE 2-4 Average Bond Energies, AH? at 25°С 


Diatomic Molecules Polyatomic Molecules 
kcal/mol kJ/mol kcal/mol kJ/mol 
H—H 104.2 436 C—H 99 414 
F—F 37.5 157 C—C 83 347 
CI—CI 58.0 243 G 146 610 
Br—Br 46.3 194 C=C 200 836 
I—I 36.5 153 со 86 359 
НЕ 135.9 568 (CSS ahs 192 803 
H—Cl 103.1 431 C05 166 694 
H—Br 87.4 365 CED 176 736 
H—I 71.4 299 CO 179 748 
O= 119.1 498 C—N 73 305 
N= 225.9 945 —N 147 615 
C 213 890 
C—F 116 485 
са 81 339 
C—Br 68 284 
C-I 51 213 
O—H 111 464 
0—0 35 146 
о—а 52 217 
O—Br 48 201 
N—H 93 389 
N—N 39 163 
N—O 53 221 
N= 100 418 
N= 145 606 
S—H 83 339 
5—5 54 226 


1 = carbon dioxide; 2 = formaldehyde; 3 = aldehydes; 4 = Кеюпез. 


weaker owing to repulsions between the pairs. Double and triple bonds are 
stronger than single bonds. As one proceeds down the periodic table, the 
strengths of bonds decrease. 


. Heats of Reaction 


The energy associated with breaking or making of bonds during a chem- 
ical transformation is known as the heat of reaction and is measured in terms 
of a change in enthalpy (AH). In terms of thermodynamic quantities there is a 
precise relationship between the heat of reaction and the standard enthalpy 


PROBLEM 
2-25 
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contents of products and reactants. 


o S б e 
AH reaction — AH products — AH reactants 


The superscripts (°) indicate that the enthalpy changes refer to products and 
reactants in their standard states (25°C and one atmosphere pressure). Alter- 
natively, measurements may be taken under other conditions and extrapo- 
lated to standard conditions. Enough data have been compiled to provide the 
standard enthalpy changes for many reactions, but such data are still not 
available for the majority of organic processes. Furthermore, we often wish to 
estimate the energetic changes for reactions that have not yet been observed 
in order to predict whether or not they are thermodynamically feasible. Ap- 
proximate values can be estimated by comparing energies of bonds that un- 
dergo change in converting reactants to products. 
Consider the reaction, 


Cl, + CH, —>, сна HG 


Methane Chloromethane 


Chlorine-chlorine and carbon-hydrogen bonds are broken and carbon- 
chlorine and hydrogen-chlorine bonds are formed. Each conversion is associ- 
ated with a specific energy change. 


Bonds Formed kcal/mol (kJ/mol) Bonds Broken kcal/mol (kJ/mol) 
с—с1 81 (339) C—H 99 (414) 
н-а 103 (431) CACI 58 (243) 


Since breaking bonds requires energy (AH > 0) and forming bonds releases 
energy (AH < 0) 


AFP reaction = (99 + 58) — (81 + 103) = —27 kcal/mol 
[or (414 + 243) — (339 + 431) = —113 kJ/mol] 


The estimated value for the heat of reaction, —27 kcal/mol, (—113 kJ/ 
mol), indicates that reaction will result in a large decrease in the enthalpy of 
the chemical system. This tells us that the reaction is exothermic (ДН < 0) and 
that heat will be given off if the reaction takes place. The fact that a reaction is 
exothermic does not guarantee that it will occur. In Chap. 5 (Sec. 5-2) we will 
learn that rates of chemical reactions are governed by the additional thermo- 
dynamic parameters incorporated in the quantity known as the activation 


energy. 


Calculate the heat of reaction for each of the following using data from 
Table 2-4. Indicate which are exothermic or endothermic. 


a H;C—CH; + Н; —> СНзСНз 


b CH,OH + HBr —> CHBr + H,O 
c CH,CH;NH, + СН;Вг —> CH;CHNHCH, + НВг 
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C. Bond Lengths 


The length of a chemical bond is the result of a balance of attractive and 
repulsive forces between the atoms which are bonded. Bond lengths are ex- 
perimentally determined by various diffraction and spectral techniques, and 
they reflect an average distance between atoms in molecules which are actu- 
ally vibrating. 

Interestingly, the length of a specific kind of bond differs very little from 
one compound to another. Second-row elements form bonds to a hydrogen 
atom with bond lengths near 1 À (100 pm). Single bonds between second-row 
elements are usually about 1.5 À (150 pm) long, and the corresponding dou- 
ble and triple bonds are shorter. Atoms below the second row of the periodic 
table form relatively longer bonds in order to accommodate their larger sizes 
(Table 2-5). 


TABLE 2-5 Typical Bond Lengths, À 


C—H Bonds C—C Bonds Other Bonds 
H4C—H 1.091 H3C—CH3 1.541 C—N 1.47 
H;C—CH; 1.337 C=N 1.30 
нё—н 1.101 HC=CH 1.204 C=N 1.16 
с-о 1.43 
нон 1.073 со 1.23 
C—F 1.39 
“бең 1.070 с=с um 
| C—Br 1.93 
CHI 2.14 
"a 1.07 N—H 1.01 
=C H 1.056 о-н 0.96 


TABLE 2-6 Comparison of Bond Length with 
Average Bond Energy 


Energy 
Bond Length, À kcal/mol kJ/mol 
C—H 11 99 414 
C—C 1.54 83 347 
CC 1.34 146 610 
[e 1.20 200 836 
C—O 143 86 359 
C=0 1.23 176-192 736-803 
са 1.78 81 339 


C—Br 1.93 68 284 
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There is usually a correlation between the strength and the length of the 
bond between two atoms. The smaller the internuclear distance, the stronger 
the bond. For example, carbon-carbon single bonds are longer than carbon- 
carbon triple bonds (Table 2-5), and the triple bonds are stronger (Table 2-4). 
Some relative bond length and bond strength data are given in Table 2-6. 


Provide a rationale for the relative C—C bond lengths of ethene (1.34 А. 


or 134 pm) and tetrafluoroethene F,C=CF, (1.31 À or 131 pm). 


Summary 


The unique role that carbon plays in molecular structure because of its 
ability to form single or multiple bonds to other carbon atoms was recognized 
by chemists of the nineteenth century. The resulting structural theory of or- 
ganic chemistry enabled chemists to explain how a large number of isomers 
can correspond to a single molecular formula as well as many of the other 
apparent puzzles related to organic substances. 

Discovery of the electron in 1897 provided a basis upon which the elec- 
tronic theories of bonding could be built. The idea of electron pairing became 
fundamental to the concept of a chemical bond. Different electron-attracting 
abilities (electronegativities) of atoms can be used to explain the polar charac- 
ter of bonds and thereby molecular polarity. 

Quantum mechanics and the mathematical results it provides give us a 
picture of the electron density distribution about the nucleus of a hydrogen 
atom. The atomic orbitals derived from the method can be approximated for 
the electrons of other atoms and even extended to the molecular orbitals 
associated with bond formation. 

Simple atomic and molecular orbitals are modified in the concept of 
hybrid orbitals. The structural characteristics of most common organic mole- 
cules can be rationalized by using bonds formed from hybrid orbitals. Bonds 
derived from sp?, sp’, and sp hybrid orbitals are predicted to have specific 
spatial orientations which can be related to bond angles. 

Another rationale for molecular geometry is based upon valence shell 
electron-pair repulsions (VSEPR). The assumption is that repulsions between 
electron pairs account for bond angles. Electron density along a particular 
bond can be related to electron-pair repulsions and thus to molecular shape. 

The energies associated with chemical bonds and the distances between 
atoms in molecules are determined by various physical methods. Bond disso- 
ciation energies account for, in part, the energy required by or released dur- 
ing a chemical reaction. Bond energies and bond lengths usually correlate for 
a series of similar molecules. Shorter bonds are typically stronger. 
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Supplementary Problems 


For each of the molecular formulas below: (i) calculate the index of hydrogen defi- 
ciency (IHD), (ii) describe the possible structural characteristics indicated, (iii) draw 
condensed structural formulas for all structural isomers of each. 

а C;H&S c CHO e CH;NO 

b С-Н} d СзНьО, f СНО 


None of the following molecular formulas can represent a neutral molecule in which 
outer electron shells are filled. What is wrong with each formula? 

a C2H5 c СНО е GH,Cl 

b CHiN d CH;S f C3H3NCI 


The alcohols methanol, ethanol, and 1-propanol have dipole moments as indicated 
below. What does this tell you about the contributions of the individual bond dipoles 
to the molecular dipole? 


CHOH CH3CH2OH CH,CH;CH;OH 
Methanol Ethanol 1-Propanol 


и= 1.700 ш = 1.690 в = 1.68) 


Write а complete Lewis structure for each of the following compounds. Be sure to 
assign formal charges when they are appropriate. 

а [CH3CH2N(CHs)3]*CI7 € CH;—CzN—O 

b [CH;—C=C] Na+ d [CH;—CH=N—O]"Na* 


Suggest an explanation for the marked difference in bond angles between ethene 
(ethylene) and 1,1,2,2-tetrachloroethene. 


121.5° 123; 
H СІ 
SS / Sm A 
/ msg 117° ‚<= ) 114° 
H H CI 


Predict the kind of hybrid orbital that would be associated with the labeled atom in 
each of the following formulas: 


a HC—H c CH,C=CH e (CH,),B—CH, 
1 T T 
b HyC—CH,CH, d (CH).N—CH, Е (CHj,C—NCH, 
7 


The interorbital angle associated with the C—C—C bonds of cyclopropane is about 

105°. 

a What does the angle suggest relative to the hybrid molecular orbitals involved in 
those bonds? 

b Predict an approximate value for the H—C—H bond angle of cyclopropane. 


Provide an explanation for the change of dipole moments for the following com- 
pounds: 


H—F на H—Br 
и = 1.98 D ш = 1:030 и = 0.782 
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The H—O—H bond angle in water is 104.5". Use а hybrid orbital as well as а VSEPR 
argument to account for that experimental fact. 


The van der Waals radius of a sulfur atom is greater than that of an oxygen atom. How 
might that account for the H—S—H bond angle (92.2) being smaller than the 
H—O-H angle (104.5°)? 

Addition of an electron to a hydrogen molecule leads to the very unstable hydrogen 
anion Hz”. Draw the electron configuration of this species. Why is it very unstable? 


Suggest an explanation for the decrease in the С—С1 bond lengths for the following 
series of compounds: 


Compound C—Cl Bond Length, А 
H3C—Cl 1.78 
CIH;C—CI i Gira 
CbHC—CI 1.76 
FH;C—CI 1.76 
Cl;C—Cl 1.75 
F,;C—Cl 1.72 


Use the data of Table 2-4 to calculate the heat released or absorbed in each of the 
following reactions: 


о 

cu, oH = CH, + CO; 

(CH,),C—N=N—C(CH,), — (CH;),C—C(CH,), + NN 
(CH,),COH —> (CH,),C=CH, + H,O 

CH,—N—O —> CH,=N—OH 


aa ть 
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Hydrocarbons 

А. Sources and Uses B. Alkanes C. The Development of 
Systematic Nomenclature D. IUPAC Nomenclature—Alkanes 
E. Alkenes F. Alkynes 


Heteroatom Functional Groups 

A. Alcohols, Phenols, and Thiols B. Ethers and Thioethers 

C. Amines D. Organohalogen Compounds E. Aldehydes and 
Ketones F. Carboxylic Acids G. Carboxylic Acid Derivatives 
H. Functional Group Priorities and Abbreviations 


Supplementary Problems 


Chapter 2 introduced some of the fundamental rules for drawing struc- 
tural formulas for organic molecules. This chapter provides an overview of 
the types of compounds that are actually encountered during the study of 
organic chemistry. We will see that, although hydrocarbons provide the back- 
bone of organic structure, bonds to heteroatoms impart important properties 
to organic compounds. It is, in fact, the carbon-heteroatom and carbon- 
carbon multiple bonds that are the sites of reactivity. They are referred to as 
functional groups. 

As each of the major classes is introduced, we will describe some of its 
physical characteristics. The criteria for naming organic compounds in a sys- 
tematic manner are also related to the compound's class. Familiarity with the 
names and characteristics of organic compounds—a part of the language of 
chemistry—is required before we can explore the chemical reactions that the 
substances undergo. 

This chapter is necessarily broad in scope, since a large number of differ- 
ent kinds of compounds are introduced and named. Mastery of the material 
introduced in this chapter will result from repeated use throughout subse- 
quent chapters of the book. 


Hydrocarbons 


The term "hydrocarbon" refers to compounds which are composed only 
of carbon and hydrogen atoms. Aliphatic hydrocarbons consist of chains of 
carbon atoms that do not involve cyclic structures. They are often referred to 
as open-chain or acyclic hydrocarbons. Alicyclic, or simply cyclic, hydrocar- 
bons are composed of carbon atoms arranged in one or more rings. Aromatic 
hydrocarbons are a special group of cyclic compounds that usually have six- 
membered rings drawn with alternate single and double bonds. They are 
classed separately from alicyclic and aliphatic hydrocarbons because of their 
characteristic physical and chemical properties. 
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А. Sources and Uses 


Petroleum and its associated natural gases are now the major source of 
hydrocarbons. The potential for conversion of part of the world's abundant 
reserves of coal to useful hydrocarbons is receiving considerable interest and 
study as world petroleum reserves are depleted. The possibility that certain 
plants might be important future sources of hydrocarbons is also being ex- 
plored. 

Natural gas is composed principally of methane (CH4). Ethane (CoH;) 
and propane (C3Hs) typically represent 5 to 10 percent of the total, along with 
traces of Cy and C5 hydrocarbons. The gas is freed of various unwanted con- 
taminants and higher-molecular-weight materials and then is utilized as fuel 
and as a petrochemical raw material. 

Liquid petroleum is a complex mixture in which saturated hydrocarbons 
predominate. Large-scale distillation and extraction processes are employed 
by the petroleum industry to separate “crude oil" into useful fractions. Petro- 
leum ether (bp 30-60°С) and ligroin (bp 60-90°С) are the most volatile liquid 
portions. They are composed principally of С; to C; hydrocarbons. Gasoline 
encompasses a rather broad range of Cs to Cio compounds (bp 40-200°С). The 
other principal fractions of petroleum are kerosene (bp 175-325°C, C; to C14), 
gas oil (bp above 275°C, Су» to Сув), lubricating oils and greases (above Сув), 
and asphalt. 

The yield and quality of gasoline are improved by processes known as 
isomerization, cracking, and alkylation. Isomerization changes straight- 
chain hydrocarbons into isomeric branched compounds which are better 
fuels. Cracking splits larger hydrocarbon molecules into smaller fragments. In 
the alkylation reactions, selected cracking products are put back together to 
form premium-grade motor fuels. Such processes more than double the yield 
of gasoline available from a given quantity of crude petroleum. 

Although the major use of hydrocarbons is as fuel, valuable side prod- 
ucts of petroleum cracking provide raw materials for the petrochemical indus- 
try. Ethene (ethylene; C;H;) and propene (propylene; СзН,) are the principal 
starting points for the manufacture of fine chemicals, medicinals, and poly- 
mers. Converting crude petroleum to petrochemicals is much more profitable 
than using the same materials for fuel. As supplies decrease, relatively greater 
amounts of petroleum will be used in chemical manufacture and other 
sources of fuel will become economically attractive. 


. Alkanes 


Alkanes are aliphatic or alicyclic hydrocarbons in which each carbon 
atom is bonded to four other atoms. Alkanes are also known as paraffins or 
saturated hydrocarbons. We have already learned that saturated aliphatic 
hydrocarbons have the empirical formulas C, H»,...? (Sec. 2-20). The term cy- 
cloalkane is often used to describe saturated cyclic hydrocarbons. Monocyclic 
alkanes have empirical formulas C,H»,. 

Alkanes are relatively stable to chemical reactions. Although some large- 
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scale industrial processes involve ionic and free-radical transformations of 
alkanes at high temperatures or in the presence of catalysts, we will see that 
saturated hydrocarbons are commonly employed as "inert" solvents in the 
laboratory. 

The physical state of alkanes is closely related to molecular weight. Low- 
molecular-weight compounds are gases and liquids, and high-molecular- 
weight materials are solids. Alkanes are nonpolar, water-insoluble substances 
with liquid densities less than 1.0 g/mL. Table 3-1 records some of the physi- 
cal properties of alkanes and cycloalkanes. 

When the carbon atoms of an alkane are connected in a single continu- 
ous sequence, the alkane is known as a normal hydrocarbon. These alkanes 
are sometimes called linear or straight-chain hydrocarbons, but these names 
are misleading. Actually, the carbon chains are kinked and twisted and are 
linear only in our symbolic representations. 

A succession of normal hydrocarbons which differ by one methylene 
(—CH2—) group is known as a homologous series. For example, methane 
(CH4), ethane (C2H6), propane (C3Hs), and butane (C4H;o) make up a homol- 
ogous series. The boiling points of homologs increase in a fairly regular man- 
ner as the chain of carbon atoms increases in length (Table 3-1). 


. The Development of Systematic Nomenclature 


Alkane structure provides the basis for the system of organic nomencla- 
ture. If all saturated hydrocarbons were normal alkanes, we could easily 
name them by some method which reflected the number of carbon atoms 
each possesses. But we know that alkanes with more than three carbon atoms 
can exist as structural isomers (Sec. 2-2B). That presented no problem when 
early chemists named low-molecular-weight hydrocarbons. For example, the 
two alkanes possessing four carbon atoms were both named as butanes. The 
normal (straight-chain) molecule was called normal butane (n-butane), and 
the branched isomer, isobutane: 


Ж 
CH,CH,CH,CH, СН;СНСН; 
п-Вшапе Isobutane 


A similar approach was used to assign names to the C; alkanes (реп- 
tanes). The two isomers known at that time were named n-pentane and iso- 
pentane. But structural theory predicts that a third Cs alkane should exist. 
When finally isolated, this third isomer was called neopentane (the “new” 
pentane). 


CH,CH,CH,CH,CH,  (CH,),CHCH,CH, ^ (CHj4C 


n-Pentane Isopentane Neopentane 


However, the number of potential isomers increases very rapidly with 
an increase in the number of carbon atoms. Such a simple approach to no- 
menclature could not be easily extended to more complex molecules. 
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TABLE 3-1 Physical Properties of Some Alkanes and Cycloalkanes 


Name 
Methane 
Ethane 
Propane 
Butane 


2-Methylpropane 
(Isobutane) 


Pentane 


2-Methylbutane 
(Isopentane) 


2,2-Dimethylpropane 
(Neopentane) 


Hexane 
2-Methylpentane 
3-Methylpentane 
2,2-Dimethylbutane 
2,3-Dimethylbutane 
Heptane 

Octane 

Nonane 

Decane 

Undecane 

Eicosane 


Cyclopropane 
Cyclobutane 


Cyclopentane 


Cyclohexane 


Methylcyclopentane 


Cycloheptane 


Methylcyclohexane 


Cyclooctane 


Formula 

CH; 

CH3CH3 
CH3CH2CH3 
CH3(CH2);CHs 
(CH3)2CHCH3 


CH3(CH2)3CH3 
(CH3)2>CHCH,CH; 


(CH3)sC 


CH3(CH2),CHs 
(CH3);CH(CH;);CHs 
CH3CH2CH(CH3)CH2CH3 
(CH3)3CCH2CH3 
(CH3)2CHCH(CH3) 
CH3(CH2)sCH3 
CH3(CH2)sCH3 
CH3(CH5);CH; 
СН.(СН>) СН 
CH3(CH;)&CHs 
CH3(CHo)isCHs 


mp, °C 


—182 
—183 


—126 


14 


Density, 
bp, °C g/mL 20°C 

—164 0.466 (—164°) 

—89 0.572 (—108*) 
-42 0.501 
1 0.579 
+12 0.549 
36 0.626 
28 0.620 
10 0.614 
69 0.660 
60 0.653 
64 0.665 
50 0.649 
58 0.662 
98 0.684 
126 0.703 
151 0.718 
174 0.730 
196 0.740 
343 0.789 
—33 0.720 
12 0.720 
49 0.746 
81 0.779 
72 0.749 
118 0.810 
100 0.769 
149 0.835 


3-1 Hydrocarbons 53 


Furthermore, it was, and to some extent still is, common practice for 
chemists to give compounds names that have only minimal relations to struc- 
tural information. Names might reflect the source of the material (e.g., formic 
acid means "ant acid"), the method of preparation of the substance (e.g., 
dichloride of ethylene), or the name of a person (e.g., barbituric acid is said to 
perpetuate the name of a certain Barbara). The confusion was not reduced by 
chemists frequently using their classical education to choose Latin or Greek 
roots for the names they invented. Such a system has a certain charm, but it 
became unmanageable as the number of compounds increased. 

An obvious solution was to draw up rules for a systematic nomenclature 
to be used by all chemists. The developing structural theory of organic chem- 
istry provided the basis for a new system. In 1889, the International Chemical 
Congress appointed a committee to formulate those rules. A definitive report 
was accepted at Geneva in 1892. 

Although the report included niuch information, it was admittedly in- 
complete. Organized work on nomenclature was not resumed until the proj- 
ect was taken over by the International Union of Chemistry (IUC) in 1919. The 
first report of the IUC committee was made in 1930 (Liege Rules). In 1947, a 
new commission on nomenclature was appointed by the Union, which had 
become the International Union of Pure and Applied Chemistry (IUPAC). The 
commission has issued periodic reports since that date. The most recent rules 
for nomenclature of organic compounds were published in 1979. 

Many problems of nomenclature arise for reasons that are not immedi- 
ately obvious. For example, organic chemistry is reported and discussed by 
people who use many languages and a number of alphabets. One of the 
greatest problems of nomenclature is the variety of purposes that names must 
serve. Names that are most valuable for the preparation of indices to the 
chemical literature may seem cumbersome when they are used repeatedly in 
the literature itself, for instance in research papers or textbooks. Similarly, 
names that are acceptable and useful in a textbook may be insufficiently 
graphic or too long for use in lectures or conversation. The availability of 
computer systems for searching the chemical literature puts even more con- 
straints on the choice of a nomenclature database. 

Chemists actually use many different systems of nomenclature. We will 
introduce the systematic method of IUPAC nomenclature here because it pro- 
vides a logical approach to designation and drawing of organic molecules. 
Common names and other systems for naming organic substances will be 
introduced in subsequent parts of the textbook. 


. IUPAC Nomenclature—Alkanes 


The fundamental criterion for naming a structure by the IUPAC system 
is the choice of a parent name. 

The longest continuous sequence of carbon atoms in the molecule is 
the basis for the parent name of an aliphatic hydrocarbon. 

The parent name is derived from a root word, typically of Greek origin, 
which indicates the number of atoms in the longest continuous chain. For 
example, a sequence of five atoms is named by using the root pent- while one 
of the ten atoms is named by using the root dec-. 
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The ending -ane is added to the root word to complete the parent name 
for an alkane. 

The name of a normal alkane is identical with its parent name. The roots 
and corresponding names of normal alkanes are listed in Table 3-2. 

For compounds more complex than normal hydrocarbons the name of 
the normal hydrocarbon derived from the longest chain of carbon atoms in 
that compound is the parent name upon which further nomenclature is 
based. 

A secondary prefix is employed to designate the structure of side-chain 
groups attached to the parent chain. Hydrocarbon side-chain structures are 
named by using the appropriate root name for that fragment with a -yl as the 
ending. 

For example, a CH; group attached to the parent chain is designated 
methyl, a CH3CH; group ethyl, and so on. Alkyl is the general term used for 
an attached hydrocarbon group. 

The position of attachment of a side-chain group is indicated by num- 
bering the parent chain from one end so as to give the atom to which that 


TABLE 3-2 Roots and Related Names of Normal Alkanes 
Number of Carbon 


Atoms in Longest forma Alkane 
Continuous Chain Root Condensed Formula Name 
1 meth- CH4 Methane 
eth- CH3CH3 Ethane 

3 prop- CH3CH2CH3 Propane 

4 but- CH3(CH2)2CH3 Butane 

5 pent- CH3(CH2)3;CH3 Pentane 

6 hex- CH3(CH2)4CH3 Hexane 

7 hept- CH3(CH2)sCH3 Heptane 

8 oct- CH3(CH2)¢CH3 Octane 

9 non- CH3(CH2)7CH3 Nonane 
10 dec- CH3(CH2)gCH3 Decane 
11 undec- CH3(CH2)sCH3 Undecane 
12 dodec- CH3(CH2)10CH3 Dodecane 
13 tridec- CH3(CHp);;CH3 Tridecane 
14 tetradec- СНз(СН›) СНз Tetradecane 
15 pentadec- CH3(CH)):3CH3 Pentadecane 
16 hexadec- CH3(CH2)14CH3 Hexadecane 
17 heptadec- СНз(СН›) СНз Heptadecane 
18 octadec- СНз(СН›) СНз Octadecane 
19 nonadec- CH3(CH5);;CHs Nonadecane 


20 eicos- CH3(CH):sCH3 Eicosane 
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side chain is connected the lowest possible number. The number immedi- 
ately precedes the name of the side chain to which it applies. Note the con- 
vention that numbers are separated from words by a hyphen and words are 
written without a space between their parts. 


CH; CH,CH, 
CH;CHCH,CH,CH,CH, CH,CH,CH,CHCH,CH,CH, 
А ОАЕ, s an Ө 1 ш. 14.58.7565. 7 

2-Methylhexane 4-Ethylheptane ы 


Multiple side-chain groups are labeled with the appropriate Greek 
multiplying numerical prefix—i.e., di- for two, tri- for three, etc.—and 
numbered so as to begin with the lowest possible number. 

Here we see in practice the conventions that each substituent group 
must be designated on the longest chain by a number (i.e., 2,2-dimethyl-, not 
2-dimethyl-), that numbers are separated from each other by commas, and 
that the lowest possible numbers must be used: 


i cu e Mae ln 
CH,CH,CCH,CH, — CH,CHCH,CHCH,CH;CH, 

CH; 1 2 3 4 5 6 7 
PPM 2,4-Dimethylheptane 


! 4,6-Dimethylhept. 
3,3-Dimethylpentane Ane dmethyinspeane) 


When two or more different substituent groups are attached to the par- 
ent chain, the names of those groups are arranged alphabetically in the com- 
pound’s name, irrespective of their numbers. 

(The IUPAC rules are flexible on this point, since alphabetical order of 
the groups’ names may be different in different languages.) 


CH, CH,CH,CH, CH, снн, 
CH,CH,CHCH,CHCH,CH,CH,CH, ^ CH,CHCH,CHCH,CH, 
1 2 за 5 6 7 8 9 1 23 4 5 6 

3-Methyl-5-propylnonane 4-Ethyl-2-methylhexane 


When two different numbering sequences begin with the same num- 
ber, the choice is the sequence which has the lower number at the first point 


of difference. 


CH, CH, CH, 
CH,CH—CHCH,CHCH, 
1 2 3 4 5 6 


2,3,5-Trimethylhexane 
(not 2,4,5-Trimethylhexane) 
The primary prefix cyclo- is placed immediately before the parent 
name to designate that the structure is cyclic. 
For example, under the IUPAC conventions, a six-carbon alkane ring is a 


cyclohexane. 
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PROBLEM 


3-1 


= 


Cyclohexane 


Let us now examine the naming of a series of hydrocarbons by the 
TUPAC conventions. Consider the five hexane isomers that we drew for С.Н; 
(Sec. 2-2B). Only one—the normal (straight-chain) isomer—has the hexane 
parent name, for it is the only isomer with a continuous chain of six atoms. 


CH4CH;CH;CH;CH;CH; 


Hexane 


Two of the isomers have the parent name derived from a longest contin- 
uous chain of five carbon atoms, i.e., pentane. The sixth carbon atom (as a 
methyl group) is connected to either the number two or number three carbon 
of the pentane structure. The two isomers are named 2-methylpentane and 
3-methylpentane. 


CH; CH; 
CH,CHCH,CH,CH, ^ CH,CH,CHCH,CH, 
1 2 3 4 5 1 2 3.4 5 

2-Methylpentane 3-Methylpentane 


If, when drawing the potential “pentane-based” isomers of CsHi4, we 
had placed the methyl at the fourth position from one end, IUPAC nomencla- 
ture would have also named that isomer 2-methylpentane. Remember that 
numbering begins at the end of the carbon chain that will give the lower 
number to the substituent, regardless of how the structure is drawn on the 
page. Proper use of nomenclature can help to ensure that potential isomer 
structures are indeed unique. 

The remaining two isomers have four-carbon parent chains, and IUPAC 
names them butanes. The only unique structures are 2,2-dimethylbutane and 
2,3-dimethylbutane. 


Hs СН; CH; 
CHYCCH,CH,  CHyCH—CHCH, 
CH, 
2,2-Dimethylbutane 2,3-Dimethylbutane 


In developing the structural formulas for the “butane-based” isomers 
of СеНла, we could have combined the two remaining carbon atoms 


into a single ethyl substituent. Show why that would not have led to 
any additional isomers. 


It is important to examine a structural formula carefully before arriving 
at the parent name. The longest continuous chain must be used irrespective 
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of how the formula may be drawn on the page. The compound in the example 
below is a decane even though, as represented, it might appear to be an 
octane. Note that substituent names are arranged alphabetically regardless of 
either numerical designation or prefix. The numerical (multiplying) prefixes 
(“di-,” ^tri-," etc.) are not considered in the alphabetical choice. 


F 2 3 
CH;CH,CH, 
CH,—C*cH, 
CH,CH,CHCH,CH,CH,CH,CH, 
5776 7 8 9 10 


5-Ethyl-4,4-dimethyldecane 


Alkyl-substituted cyclic alkanes are normally named as cycloalkanes 
rather than as cycloalkyl derivatives of a noncyclic parent. 


CH 
D p 
С) CH; 
Methylcyclohexane 1,2-Dimethylcyclobutane 
(not Cyclohexylmethane) 


When a side chain also possesses an additional side chain, the position 
of that secondary side chain is designated by numbering the primary side 
chain beginning at its point of attachment to the parent. The primary side 
chain is included in parentheses in the full name, and the number of its 
position on the parent chain precedes the parentheses. 


(1) (2) 
CH;CHCH; 
CH,CH,CH,CHCH,CH,CH, 
1 2 3 4 5 6 7 
4-(1-Methylethyl)heptane 
рукаве 
The IUPAC system has retained some of the older names for branched 

groups. They can be used so long as the groups are not further substituted 
(Table 3-3). 


TABLE 3-3 Acceptable IUPAC Names for Branched Hydrocarbon Groups 


Isopropyl  (CH,),CH— Neopentyl (CH3),CCH,— 
Isobutyl (СНз) СНСН;— СН 
sec-Butyl EHE ine tert-Pentyl єн сү | 
CH, CH, 
tert-Butyl (СНз):С— Isohexyl (CH3),CHCH,CH,CH,— 


Isopentyl _ (CH3),CHCH;CH;— 
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PROBLEM Draw a structural formula for each of the following compounds: 
3-2 


а 2,3,4-Trimethylhexane 5 1-Ethyl-3-methylcyclopentane 


b 2,2,3,3- Tetramethylpentane h 2-Methylbutane 

€ 5-Ethyl-3,3-dimethylheptane i 2,7,8-Trimethyldecane 

d 3-Ethylpentane j 3,4,4,5-Tetramethylheptane 

e 10-(1-Methylpentyl)eicosane k 2,3,5-Trimethyl-4-propylheptane 
f 1-Ethyl-3-methylcyclohexane 1 3-Cyclopropyl-5-propylnonane 


PROBLEM Give the IUPAC name for each of the following compounds: 
3-3 CH, CH, 
a CH,CH,CH—CHCH,CH,CH, e CH,CH(CH,)CH(C,H,)CH, 
CH,CH,CHCH, GH.) CH, CH, 
b CH,CH,CH,CH,CHCH,CH,CH,CH, f CH,CH—CHCH,CHCH, 


CH, CH(CH,), 
c үг 5 oo 


CH,CH, в [(CH,),CH],C 
CH; COUCH 
CH,CH,CH,CCH,CH,CH,CH,CH,CH, 
CH,CH, 


PROBLEM Indicate the letters of the Structures, formulas, or names which are 
3-4 equivalent or isomeric to each other. 


CH,CH,CH,CH,CH,CH, ^ (CHj,CHCH,CH,CH,CH, 
A B 


2,2-Dimethylbutane CH;(CH,),CH, 


D E 


єн, CH, 
CH,CH,CCH,CH, _ CH,CCH, 


CH,CH, CH,CH, 
G H 
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E. Alkenes 


PROBLEM 


3-5 


Alkenes and cycloalkenes are hydrocarbons which possess one or more 
carbon-carbon double bonds. The compounds are said to be unsaturated 
because they do not have the maximum number of atoms each carbon is able 
to accommodate. The unsaturation is commonly the point of reaction for al- 
kenes. Ethene (ethylene) and propene (propylene) are major raw materials for 
the chemical industry. They are often referred to as olefins, an old term de- 
rived from the fact that chlorine adds to gaseous ethene (C2H4) to form an oily 
product. 


a What is the general empirical formula for an acyclic alkene with one 
double bond? 


b What is the general empirical formula for a cycloalkene with one 
double bond? What is the index of hydrogen deficiency for those 
compounds? 


The physical properties of alkenes are closely related to those of the 
corresponding alkanes. Low-molecular-weight alkenes of importance in the 
petrochemical industry are gases. Most common alkenes found in the chemi- 
cal laboratory are liquids with pungent odors. Like alkanes, alkenes are rela- 
tively nonpolar compounds which are insoluble in water. The physical prop- 
erties of some alkenes and cycloalkenes are compiled in Table 3-4. 

The parent name of an alkene is the root name with the ending -ene 
added. The IUPAC nomenclature for alkenes follows rules similar to those for 
alkanes. 

The longest continuous sequence of carbon atoms containing the dou- 
ble bond is the basis for the parent name of an alkene. 


The position of the double bond is indicated by numbering the parent 
chain from the end that will give the double bond the lowest possible num- 


ber. 


CERCTRCHS 
CH4CH—CHCH; CH,—CHCH,CH; CH,=CHCHCH,CH,CH, 
1 2 з 4 1 2 3 4 1 23 4 5 6 
2-Butene 1-Butene 3-Propyl-1-hexene 
(not 3-Butene) (not named as a heptane) 


The position of the double bond in an alkene provides the criterion for 
numbering the atoms in the IUPAC system even if side-chain alkyl groups 
must receive high numbers. For example, 5-methyl-3-heptene is not named 
3-methyl-4-heptene. 
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TABLE 3-4 Physical Properties of Some Alkenes and Cycloalkenes 


Density, 
Name Formula пр, °С Бр, °С g/mL 20°C 
Ethene CH,=CH, —169 —104 0.384 (—10°) 
(ethylene) 
Propene CH,=CHCH,; —185 48+ 0.519 
(propylene) 
1-Butene CH,=CHCH,CH, -185 —6.3 0.595 
(Butylene) 
Z-2-Butene (сіѕ)* Z-CH,CH—CHCH, —139 4 0.621 
E-2-Butene — (trans)* ^ E-CH,CH—CHCH, -105 1 0.604 
2-Methylpropene CH,=C(CHs)» -140 —7 0.594 
(Isobutylene) 
1-Pentene CH;,—CH(CH,),CH; —138 30 0.641 
Z-2-Pentene (сіѕ)* Z-CH,CH—CHCH,CH, -151 37 0.655 
E-2-Pentene — (trans*  E-CH,CH—CHCH,CH, -136 36 0.648 
Cyclopentene C32 —135 44 0.772 
1,3-Cyclopentadiene Q toy 40 0.802 
1-Hexene CH;—CH(CH, CH; —140 64 0.673 
Cyclohexene O —104 83 0.810 
1-Нерепе CH,=CH(CH,),CH, -119 93 0.698 
1-Octene CH,=CH(CH,),CH, -102 121 0.715 
1-Nonene CH,=CH(CH,),CH, -81 146 0.730 
1-Decene CH,—CH(CH,),CH; —66 171 0.741 


* The terms Z, Е, cis, and trans, are defined in Sec. 4-1. 


CH, CH, 
CH,C—CHCH,CH, ^ CH,CH,CH—CHCHCH,CH, 
2-Methyl-2-pentene 5-Methyl-3-heptene 


(not 3-Methyl-4-heptene) 


When a compound is named as a cycloalkene, numbering begins at one 
carbon atom of the double bond and proceeds to the second atom of the 
double bond and then around the ring. Within this constraint the ring is 
numbered so as to give side chains the lowest possible numbers. The number 
-1- is not required to indicate the position of the double bond. 


PROBLEM 


3-6 
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CH; 
3 
1 CH; Ы 
5 2 4 
4 3 5 1 
CH; ij 
3-Methylcyclopentene 4-Ethyl-3-methylcyclohexene 

(not 2-Methylcyclopentene) (not 3-Ethyl-2-methylcyclohexene) 


If a side chain possesses a carbon-carbon double bond, its name as a 
substituent ends in -enyl. The "ene" of the parent name for the side chain is 
retained to indicate a double bond, but the final “е” is replaced by "-yl" to 
represent a substituent group. The side chain is numbered from the point of 
attachment to the parent chain. 


оо @ 


6 
Д ,CH,CH,CH—CH, 
4 2 


3 
1-(3-Butenyl)cyclohexene 


The following three unsaturated side-chain groups may retain their 
common names in the IUPAC nomenclature: 
CH,=CH— СН,=СНСН,— CH,-C— 
CH; 
Vinyl Allyl Isopropenyl 


What are the systematic (IUPAC) names for the 


a Vinyl group 
b Allyl group 
c Isopropenyl group 


Many organic compounds possess two or more double bonds. Doubly 
unsaturated hydrocarbons are known as dienes; hydrocarbons that contain 
three double bonds are called trienes; and so on. Unsaturated hydrocarbons 
with multiple double bonds are given the general name polyene. 

Dienes in which two double bonds are separated by only one single 
bond (с=с—с=с) are known as conjugated dienes. They possess 


chemical properties which set them apart from simple alkenes (Chap. 16). 
1,3-Butadiene (commonly called butadiene) is a prominent member of this 

oup and is a raw material for some polymers. Dienes and polyenes in which 
the double bonds are separated by more than one single bond are noncon- 
jugated and are chemically similar to simple alkenes. 
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PROBLEM 


3-7 


с 
CH,—CH—CH—CH, CH,C=CH—CH=CH—CH=CH, 
1,3-Butadiene 6-Methyl-1,3,5-heptatriene 
А conjugated diene А conjugated triene 
CH,=CH—CH,—CH=CH, 
1,4-Репіайіепе 


А nonconjugated diene 


Compounds in which a single carbon atom is connected to two other 
carbon atoms by double bonds o ee Ceo) are called allenes: allene is the 


common name of the simplest member of the series (СН›=С=СН,). Allenes 
are often difficult to prepare and are relatively reactive. 


Draw the structural formula for each of the following compounds: 
a 2,4,4-Trimethyl-2-pentene d 2-Methyl-1-butene 


b 1,5-Hexadiene e 1,2-Dimethylcyclobutene 
с 3-Ethyl-1-hexene f 4-Ethyl-2,4-dimethyl-1-heptene 


Aromatic hydrocarbons are a class of polyenes which are distinctly dif- 
ferent from common alkenes. They are generally classified as arenes. Most 
arenes are related to the six-member conjugated carbocycle benzene. Their 
chemical properties are associated with a unique type of conjugation known 
as aromaticity (Sec. 7-3). Table 3-5 records the physical properties of some 
aromatic hydrocarbons. 

Aromatic compounds are named as derivatives of benzene or related 
parent structures. 


C;H; CH; cM 


Benzene Ethylbenzene Methylbenzene sec-Butylbenzene 
(Toluene) 


When two substituents are attached to the benzene ring, their positions are 
indicated by numbering or, more commonly, by the prefixes ortho- (0), meta- 
(m), or para- (p). The prefix ortho- means that substituents are in a 1,2 rela- 
tion; meta- represents a 1,3 and para- a 1,4 arrangement. The positions of the 
double bonds in the aromatic ring are disregarded in numbering (Sec. 7-3). 


m 2Hs 
b. E: 
СН, 


1,2-Dimethylbenzene 
(o-Dimethylbenzene) 


3-1 Hydrocarbons 


1-Ethyl-3-methylbenzene 
(m-Ethylmethylbenzene) 


с.н, 


de 


CH; 


1,4-Diethylbenzene 
(p-Diethylbenzene) 


TABLE 3-5 Physical Properties of Aromatic Hydrocarbons 


Name 


Benzene 
Methylbenzene 
(Toluene) 
1,2-Dimethylbenzene 
(o-Xylene) 
1,3-Dimethylbenzene 
(m-Xylene) 
1,4-Dimethylbenzene 
(p-Xylene) 
1,2,3-Trimethylbenzene 
(Hemimellitene) 
1,2,4-Trimethylbenzene 
(Pseudocumene) 
1,3,5-Trimethylbenzene 
(Mesitylene) 
1,2,3,4-Tetramethylbenzene 
(Prehnitene) 
1,2,3,5-Tetramethylbenzene 
(Isodurene) 
1,2,4,5-Tetramethylbenzene 
(Durene) 
Pentamethylbenzene 
Hexamethylbenzene 
(Mellitene) 
Ethylbenzene 
Propylbenzene 
Isopropylbenzene 
(Cumene) 
Phenylbenzene 
(Biphenyl) 
Diphenylmethane 
Triphenylmethane 


Formula 
СН, 
СеН5СНз 


1,2-СёНа(СНз)› 
1,3-СёНа(СНз)› 
1,4-CoH4(CHs)2 
1,2,3-СеНз(СНз)з 
1,2,4-СеНз(СНз)з 
1,3,5-СёНз(СНз)з 
1,2,3,4- CCHo(CH3)4 
1,2,3,5-C6H2(CH3)4 
1,2,4,5-CoHa(CHs)s 


CoH(CHs)s 
C&(CH3)s 


СеН5СН5 
C.sHsCH2CH2CH3 
CeHsCH(CHs)2 


CoHsCeHs 


(CoHs)2CH2 
(CoHs)3CH 
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The substituent group derived from benzene by conceptually removing 
one hydrogen atom (С;Н5—) is named phenyl, not benzyl. (The benzyl sub- 
stituent is C;SHSCH,—.) 


1,3-Diphenylpropane Triphenylmethane 


PROBLEM Provide the IUPAC name for each of the following compounds: 


CH, CH, CH,CH,C(CH,), 
a TE e (CH), CHCCHCH—cH, 
CH, l 


H, 


b «У cn,cu=c > f CH,CH,CH=CCH=CHCH, 
CH,=CH 


3-8 


CH, 


CH,CH,CH,CH, 
CH C cnc, х Cy 
2 


а (CH),CCH—CHC(CHj), 


F. Alkynes 


Alkynes are unsaturated hydrocarbons which possess one or more 
carbon-carbon triple bonds. The simplest alkyne is the important industrial 
gas ethyne (acetylene, C2H3). Alkynes are often referred to as acetylenes, a 
non-IUPAC name. The physical properties of alkynes are similar to those of 
alkenes and alkanes (Table 3-6). 

The longest continuous carbon chain containing the triple bond is the 
basis for the parent name of an alkyne. The ending -yne is added to the root. 


CH,C—CCH, | (CHj,CHCH,C-CH 
2-Butyne 4-Methyl-1-pentyne 


If both double and triple bonds are present in the parent chain, the 
ending becomes -enyne. Numbering is such as to give the lowest possible 
numbers to the double and triple bonds, irrespective of whether -ene or -yne 
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TABLE 3-6 Physical Properties of Alkynes 


mp, bp. Density, 

Name Formula °С РС g/mL 20°С 
Ethyne HC=CH —81 —84 0.625 (—82°) 

(Acetylene) 4 
Propyne HC=CCH3 —102 =23 0.706 (—50°) 
1-Виїупе HC=CCH,CH; —126 8 0.678 (0°) 
2-Butyne CH3;C=CCH3 2:32 27 0.691 
1-Pentyne HC=C(CHp)2CH3 —90 40 0.690 
2-Pentyne CH3C=CCH,CH3 —101 56 0.712 
1-Нехупе HC=C(CH2)3CH3 1З? 71 0.716 
2-Нехупе СНзС=С(СН.)›СНз —90 84 0.731 
3-Нехупе CH3CH;C—CCH;CHs —103 82 0,723 
1-Heptyne НС=С(СН2)«СНз —81 100 0.733 
1-Octyne НС=С(СН2)5СНз 779. 125 0.746 
1-Nonyne НС=С(СН›)СНз —50 151 0.757 
1-Decyne НС=С(СН2)7СНз —36 174 0.766 


gets the lower number. When either group could be assigned the same num- 
ber, -ene takes priority and receives the lower number. 


HC=CCH=CHCH,; HC=CCH,CH=CH, 


3-Penten-1-yne 1-Penten-4-yne 
(not 2-Penten-4-yne) (not 4-Penten-1-yne) 


Provide the IUPAC name for each of the following compounds: 


a HC=C—CH=CH—CH=CH, C=O 
d 
b (CH,),CHC=CCH, 


c CH,C=CC=CC=CCH, 


Heteroatom Functional Groups 


In the preceding section we learned that the double and triple bonds of 
alkenes and alkynes are often the positions at which chemical reactions take 
place. But the majority of functional groups found in organic molecules in- 
volve carbon bonded to various heteroatoms. A broad variety of chemical 
reactions can occur at the carbon or heteroatoms of these groups. 
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The remainder of this chapter introduces the classes of compounds that 
contain heteroatom functional groups of importance in organic chemistry. We 
will briefly consider properties and uses as well as the relevant nomenclature. 


. Alcohols, Phenols, and Thiols 


Alcohols are probably the organic compounds with which students have 
the greatest familiarity. Ethanol (ethyl alcohol; C4H&OH) has been known and 
used since ancient times; it is the product of anaerobic fermentation of the 
carbohydrates found in plants. Ethanol is used extensively in household 
products as the solvent for various medicinals (tinctures) and cosmetics, and 
it is the "alcohol" of alcoholic beverages. The compound 2-propanol [isopro- 
ру! alcohol; (CH3),CHOH] is the common "rubbing alcohol" which is used as 
a 70% solution in water for its antibacterial properties. Methanol (methyl alco- 
hol; CH3OH), the lowest-molecular-weight alcohol, is a widely used indus- 
trial solvent. АП three alcohols are important intermediates in the synthesis of 
organic compounds. 

The functional portion of an alcohol is a hydroxy group connected to an 
alkyl group. An alcohol may be thought of as a derivative of water in which 
one hydrogen atom is replaced by the carbon atom of an organic molecule. 
Many properties of low-molecular-weight alcohols are similar to those of 
water. 


| 
H—O—H mcm 
Water An alcohol 


Alcohols are designated by the suffix -ol in the IUPAC nomenclature. 
The longest continuous chain to which the hydroxy group is connected pro- 
vides the root for the parent name. The final “е” of the corresponding hydro- 
carbon name is dropped, and the ^-ol" suffix is added. Numbering again 
begins at one end of the carbon parent chain and that end is chosen so as to 
give the hydroxy group the lowest possible number. 


CH,OH CH,CH,OH — CH,CH,CH,CH,OH 


Methanol Ethanol 1-Butanol 
(Methyl alcohol) (Ethyl alcohol) 
OH 
jp 
CH,CHCH,CH,CH, 
CH, 
2-Pentanol 3-Methylcyclopentanol 


Compounds which contain two, three, or more hydroxy groups are 
classed as polyols; the IUPAC suffixes are -diol, -triol, and so forth. Glycol is 
the common name given to 1,2-diols. 1,2-Ethanediol (ethylene glycol) is an 
important industrial product used as an antifreeze. The IUPAC name retains 


PROBLEM 


3-10 


3-2 Heteroatom Functional Groups 67 


the final “е” of the parent hydrocarbon name because the suffix "-diol" does 
not begin with a vowel. We will also find some examples of nomenclature in 
which a letter is added or deleted to simplify pronunciation. 


HOCH CHOH 
1,2-Ethanediol 
(Ethylene glycol) 


When a compound contains more than one functional group, a choice 
must be made as to which group will be used in the parent name. The IUPAC 
nomenclature designates a priority order for the functional groups (Sec. 
3-2H). Alcohols, for example, take priority over alkenes. In an alkenol, a 
compound that contains a carbon-carbon double bond and a hydroxy group, 
the parent name and numbering are so chosen as to give the hydroxy group 
the lowest number irrespective of whether the double bond is or is not part of 
the parent chain. If another functional group in the molecule takes prece- 
dence over alcohol, the hydroxy group is named as the substituent hydroxy. 


OH 
| 
CH,—CHCH,OH .(CHj,CHCHCHCH,CH,CH; 
CH—CH, 
2-Propen-1-ol A4-Ethenyl-2-methyl-3-heptanol 


or 
Ma s nd 2-Methyl-4-vinyl-3-heptanol 


Provide the IUPAC name for each of the following compounds: 


а (CH,),CHCH,CH,OH OH 


CH,OH 
b CH,CH,CHCH,CH,C(CH,),CH,CH, 


CH; e HOCH,CH,CH,OH 
c HC-CCH,CHCHCH, 
ÓH 


CH,CHOH 


A common subclassification of alcohols is based on the number of car- 
bon atoms which are attached to the hydroxy-bearing carbon. Thus 1-propa- 
nol is a primary (pri) alcohol because the carbon atom connected to the hy- 
droxy group is bonded to only one carbon atom, while 2-propanol is a 
secondary (sec) and 2-methyl-2-propanol a tertiary (tert) alcohol. 
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Он он 

CH,CH,CH,OH CH,CHCH, CH,-C—CH, 
CH, 

1-Propanol 2-Propanol 2-Methyl-2-propanol 


(tert-Buty! alcohol) 
A tertiary alcohol 


(Isopropyl alcohol) 


A primary alcohol A secondary alcohol 


The physical properties of common alcohols are compiled in Table 3-7. 
Alcohols are markedly different from the related hydrocarbons. They have 
relatively high boiling points, and those possessing fewer than five carbon 
atoms are quite soluble in water. Since the alcohol functional group is polar 
(Sec. 2-3B), it is not surprising to find that compounds like ethanol and meth- 


TABLE 3-7 Physical Properties of Alcohols 


Density, Solubility, 
Name Formula mp, °С bp, °C g/mL 20°C 9/100 g H20 
ESSER gmLa20C.  01000Н;О 
Methanol CH3OH —94 65 0.791 © 
Ethanol CH3CH;OH -117 79 0.789 © 
1-Propanol CH3CH,CH,OH —127 97 0.804 © 
2-Propanol (CH3;CHOH —90 82 0.786 © 
(Isopropyl alcohol) 
1-Butanol CH3(CH;))0H —90 117 0.810 79 
2-Methyl-1-propanol (CH3CHCH;OH —108 108 0.798 10 
(Isobutyl alcohol) 
2-Butanol CH3CHOHCH;CH; =115 100 0.806 12.5 
(sec-Butyl alcohol) 
2-Methyl-2-propanol (CH3);COH 26 82 0.789 © 
(tert-Butyl alcohol) 
1-Pentanol CH3(CH;))CH;OH 2:79 138 0.817 2.3 
1-Hexanol CH3(CH)JCH;0H 52 157 0.819 0.6 
1-Decanol CH3(CH3)sCH,OH 6 228 0.829 
2-Propenol CH;—CHCH;OH —129 97 0.855 eo 
(Allyl alcohol) 
Cyclopentanol (он -9 за 0.948 
Cyclohexanol (он 25 161 0.962 3.6 
Phenylmethanol C.Hs;CH,OH —15 205 1.042 4 
(Benzyl alcohol) 
1,2-Ethanediol HOCH;CH;OH 713 198 1.113 59 
(Ethylene glycol) 
1,2-Propanediol HOCH CHOHCH; 189 1.036 оо 
(Propylene glycol) 
1,2,3-Propanetriol HOCH;CHOHCH;OH 20 290 1.261 - 


(Glycerol) 
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anol are completely soluble in water. The phrase "like dissolves like" gener- 
ally applies to solubility characteristics of compounds. 

The high boiling point of ethanol (79*C) as compared with that of pro- 
pane (—42°С), a hydrocarbon of comparable molecular weight, illustrates the 
tendency of alcohol molecules to associate with each other through hydrogen 
bonds. Since boiling of a liquid depends on the separation of molecules as 
they move from the liquid to the gas phase, more energy (a higher tempera- 
ture) is required to overcome the hydrogen bonding interactions and to ac- 
complish the change of state. In the structures below we follow the common 
convention of using dotted bond lines to represent hydrogen bonds and other 
weak interactions between atoms. 


ао) 
ARN 
Hydrogen bonding between alcohol molecules 

In alcohols, hydrogen bonds arise from attractive interaction between a 
hydrogen atom of one hydroxy group and the oxygen atom of another hy- 
droxy group. Hydrogen bonding is actually a weak acid-base interaction. The 
hydroxy hydrogen atom is weakly acidic (Sec. 4-1C), while the oxygen atom is 
a Lewis base because of its nonbonding electron pairs. 

Hydrogen bonds are very weak—only about 5 kcal/mol (20 kJ/mol)—as 
compared with covalent bonds. They are, however, stronger than most other 
intermolecular (between molecules) attractions. We will learn that hydrogen 
bonding can be important for compounds with weakly acidic hydrogen atoms 
and the various heteroatoms that are Lewis bases. Hydrogen bonds have an 
influence on such properties as boiling points, solubility, and many of the 
secondary structural characteristics of molecules. 


The important polyol 1,2,3-propanetriol (glycerol) is a viscous, water- 
soluble liquid with a boiling point of 290°C. Account for those physical 


properties. 


Provide an explanation for the observation that high-molecular-weight 
alcohols such as 1-decanol (bp 228°) have boiling points similar to those 


of hydrocarbons of related molecular weight (undecane, bp 196°). 
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The hydroxy group is found in a wide variety of compounds of plant 
and animal origin. Because of the complex structures of some of the sub- 
stances, they are usually referred to by common names. 


CH; 


(CH,);C=CHCH,CH,C(CH,)=CHCH,OH 
OH 


(СН); 
Menthol Geraniol 
From oil of peppermint From rose oil and geraniums 


CHO 


H OH 
нон 
H—}—OH 
H—|—OH 
HO CH,OH 


Cholesterol Glucose 


PROBLEM 
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j When the hydroxy group is connected to a carbon atom of a benzene 
ring, the compound is known as a phenol. The simplest member of the class, 
hydroxybenzene, is called phenol. Phenols are often considered separately 


ОН OH OH 
OH 


Hydroxybenzene 1,2-Dihydroxybenzene 1,3-Dihydroxybenzene 
(Phenol) (Catechol) (Resorcinol) 
(mp 43°C) (mp 105°C) (mp 111°C) 
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OH OH 
H 
ÓH CH; CH; 
1,4-Dihydroxybenzene 1-Hydroxy-3-methylbenzene 1-Hydroxy-4-methylbenzene 
(Hydroquinone) (m-Cresol) (p-Cresol) 
(mp 173°C) (mp 12°C) (mp 35°C) 


Thiols are the sulfur analogs of alcohols—a sulfur atom replaces the 
oxygen atom in the functional group. They are named by adding the suffix 
-thiol to the parent name. Thiols are also referred to as mercaptans. 


CH,SH CH,CH,SH 
Methanethiol Ethanethiol 
(Methyl mercaptan) (Ethyl mercaptan) 

(bp 6°C) (bp 35°C) 


Common thiols have boiling points which are relatively close to those of 
hydrocarbons of comparable molecular weight. The striking property of thiols 
is their intensely disagreeable odor. The offensive odor emitted by a skunk is 
due, in part, to thiols. 


PROBLEM What do the boiling points of low-molecular-weight thiols suggest 
3-14 about the importance of hydrogen bonding in those compounds? 


PROBLEM Write the IUPAC name for each of the following odoriferous natural 
3-15 materials: 


а (CH3;CHCH;CH;SH (from the skunk) 


b CH,=CHCH,SH (from garlic) 
c CH,;CH,CH,SH (from onions) 


B. Ethers and Thioethers 


Ethers are compounds in which two carbon atoms are connected to a 
single oxygen atom. The nomenclature for ethers is somewhat confusing 
since no one system has been officially adopted by TUPAC. 

Currently preferred practice is to name one of the alkyl groups plus the 
oxygen atom (RO—) as an alkoxy. That alkoxy is then treated as a substituent 
on a parent structure (the remaining portion of the molecule). 
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CH,OCH(CH,)» [}>—оснсн, 


2-Ме!һохургорапе Ethoxycyclopropane 
(Isopropyl methyl ether) (Cyclopropyl ethyl ether) 
Most simple ethers are named dialkyl or alkyl alkyl ethers (note the 
Separate words). 


CH,CH,OCH,CH, ^ CH,CH,OCH, 
Diethyl ether Ethyl methyl ether 


Another approach—the one which seems closest to the systematic nomencla- 
ture—is to treat the oxygen atom as though it were an atom of the parent 
chain. The oxygen atom is counted as a carbon in determining the parent 
name, and it is then indicated by the prefix -oxa- with a number designating 
its position in the parent chain. 


Сну 
CH;CH,OCH,CH,CH, ^ CH,CHOCH,CH, 
1 2 34 5 6 1 2 34 5 
3-Oxahexane 2-Methyl-3-oxapentane 
(Ethyl propyl ether) (Ethyl isopropyl ether) 


When oxygen is an atom in a three-member ring, the systematic name 
for the cyclic ether is oxirane or oxacyclopropane. Compounds such as 


о, poa 
= 2 — 
CH, CH, Araya? HIC CH, 
Ethene Oxirane 
or 
Oxacyclopropane 
(Ethylene) (Ethylene oxide) 


Compounds in which an atom other than carbon is a member of a ring 
are known as heterocycles. In the case of cyclic ethers the heteroatom is oxy- 
gen. We will see many examples of oxygen, sulfur, and nitrogen heterocycles 


throughout our studies of organic compounds. 


о i E) 


Oxacyclopentane 1,4-Dioxacyclohexane Oxacyclohexane 
(Tetrahydrofuran; THF) (14-Dioxane) (Tetrahydropyran) 


The ether functional group is relatively inert chemically. Ethers can thus 
be used as solvents in many organic reactions. Although ethers have boiling 
points similar to those of hydrocarbons of comparable molecular weight, the 
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TABLE 3-8 Physical Properties of Ethers 


Density, 

Name Formula mp, °С bp, °C g/mL 20°C 

Methoxymethane CH30CH3 7139 —23 0.661 
(Dimethyl ether) 

Ethoxyethane C;H30OC?Hs —116 35 0.714 
(Diethyl ether) 

Butoxybutane (CHsCH2CH,CH;),0 —98 141 0.769 
(Dibutyl ether) 

Phenoxybenzene СеН5ОСН5 27 258 1.075 
(Diphenyl ether) 

Methoxybenzene СоН5ОСНз m3. 155 0.996 
(Anisole) 

Oxacyclopropane N / = 14 0.882 
(Ethylene oxide) О 

Oxacyclopentane [> —109 67 0.889 
(Tetrahydrofuran) 


PROBLEM Provide two acceptable names for each of the following ethers: 


3-16 
H,OCH 
b (CH;),;COCH(CH;), 


d CH,OCH—CH, 


PROBLEM Low-molecular-weight ethers and alcohols have very different boiling 
3-17 points, yet they possess very similar capability for dissolving moderate 
amounts of water. Suggest an explanation for these two phenomena. 


Sulfur analogs of ethers are named as sulfides or as alkylthio deriva- 
tives (comparable to alkoxy) of a parent molecule. 


CH,SCH, CH,CH,SCH,CH,  CH,SCH,CH,CH(CH,), 
Methylthiomethane Ethylthioethane 3-Methyl-1-(methylthio)butane 
(Dimethyl sulfide) (Diethyl sulfide) 
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C. Amines 


Amines are organic derivatives of ammonia (NH3). They are the most 
important of the compounds of organic chemistry that behave as bases. One, 
two, or three alkyl groups may replace the hydrogens of ammonia to give 
primary, secondary, or tertiary amines, respectively. Notice that the terms 
"primary," “secondary,” and “tertiary” have a related structural meaning for 
amines and for alcohols (Sec. 3-2A). For amines, those terms refer to the 
number of carbon atoms attached to the nitrogen atom, and for alcohols they 
represent the number of carbon atoms on the hydroxy-bearing carbon (the 
carbinol carbon atom). 


CH4NH, (CH,).NH (CH4)4N 
Methanamine N-Methylmethanamine N,N-Dimethylmethanamine 
(Methylamine) (Dimethylamine) (Trimethylamine) 

А primary amine А secondary amine A tertiary amine 


In the IUPAC nomenclature for primary amines, the final “е” of the 
parent hydrocarbon name is dropped, and the suffix -amine is added. The 
nitrogen atom is neither counted to establish the parent name nor numbered. 

The alkyl groups of secondary and tertiary amines are named as substituents 
on the parent and the letter “№” is used to show that the substituent is 
bonded to the nitrogen atom. In those cases the parent name is based upon 
the largest or most complex alkyl group. It is also common to use the hydro- | 
carbon root name as if it were a substituent with the suffix -ylamine. That 
corresponds to naming amines as hydrocarbon derivatives of ammonia. | 


(CHj&CHNH, _ (CH,CH,),NH 


2-Propanamine N-Ethylethanamine | 
(Isopropylamine) (Diethylamine) | 
| 
| 


( esos, (CH,),NCH,CH,C(CH,), 


N,N-Dimethyleyclohexanamine _3,3,N, N-Tetramethylbutanamine | 
(N,N-Dimethylcyclohexylamine) (3,3,N, N-Tetramethylbutylamine) | 


When four carbon atoms are attached to the nitrogen, the compound is 
no longer basic. The tetracoordinate nitrogen atom possesses a positive 


charge and is the cationic portion of a type of compound known as a quater- 
nary ammonium salt. 


(CH), N+- 
Tetramethylammonium iodide 
A quaternary ammonium salt 


The closely related ammonium salts result from the addition of a proton (Н?) | 


to ammonia or amines in a rapid acid-base reaction. 


NH, +на —  — NHjCl- 
Ammonia Ammonium chloride 
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(CH,),NH + Не == = (CHj4NHjCI- 
N-Methylmethanamine Dimethylammonium chloride 
(Dimethylamine) 


Draw Lewis (dot) formulas for N,N-dimethylmethanamine (trimethyla- 


mine), tetramethylammonium chloride, and ammonium chloride. 


The prefix amino- or alkylamino- is used when the amine is a substitu- 
ent on a parent molecule. In some cases a parent chain with a nitrogen atom 
in it is identified by adding the prefix -aza- in a manner analogous to the use 
of -oxa- for naming ethers (Sec. 3-2B). 


X a 
Giger 


N 
H 


2-(N,N-Dimethylamino)cyclopentanol* Azacyclohexane 
(Piperidine) 


Anilines are amines in which the amino group is connected to a carbon 
atom of the benzene ring. 


NH, NHCH,CH; 
Benzenamine ^ N-Ethylbenzenamine 
(Aniline) (N-Ethylaniline) 


Provide two acceptable names for each of the following amines: 
а (CH,),CNH, c CH,—CHCH,CH,NH, 


ps d N(C,Hj) 
b CH,NCH,CH,CH, aHys 


Compounds that contain one or more nitrogen atoms are among the 
most common organic materials in nature. Alkaloids are nitrogenous bases 
(often heterocyclic) which are widely distributed in plants and often possess 
important physiological activity. Amino acids are components of proteins. 


* Alcohol has priority over amine (Sec. 3-2H). 
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о (Hs о 
сч N l 
| У —осн, 
A М 
N i 
| ox. iS 
CH; | 
2 
Caffeine Cocaine 
Plant alkaloids 
NH, 
CH, HCO,H 
H,NCH,CO,H \ 
N 
H 
Glycine Tryptophan 
Amino acids 


Most low-molecular-weight amines are gases or volatile liquids. They 
usually possess a “fishy” or ammonialike odor. Putrescine and cadaverine are 
two particularly pungent diamines which are produced by the bacterial decay 
of animal matter. The physical properties of some amines are compiled in 
Table 3-9. 


H,NCH,CH,CH,CH,NH, ^ H,NCH,CH,CH,CH,CH,NH, 
1,4-Butanediamine 1,5-Pentanediamine 
(Putrescine) (Cadaverine) 


PROBLEM Provide an explanation for the low boiling point of N,N-dimethyl- 
3-20 methanamine (trimethylamine) (bp 3°С) as compared with the isomeric 


1-ргорапатіпе (1-propylamine) (bp 49°C) and N-methylethanamine 
(ethylmethylamine) (bp 35°С). 


D. Organohalogen Compounds 


Substances in which one or more halogen atoms are bonded to carbon 
are known as organohalogen compounds. Although they are often referred to 
and named as organic halides, these materials are not ionic, as that term 
might imply. Organohalogen compounds are named as substituted hydrocar- 
bons, since there is no suffix to represent halogen. 


——— 
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TABLE 3-9 Physical Properties of Amines 
Name Formula mp, °С bp, °C 


Methanamine CH3NH; —94 =7 
(Methylamine) 

N-Methylmethanamine (CH3)2NH —96 8 
(Dimethylamine) 

N,N-Dimethylmethanamine (CH3)3N с? 3 
(Trimethylamine) 

Ethanamine CH3CH2NH2 —81 17 
(Ethylamine) 

N-Ethylethanamine (СНзСН2)>МН 50 56 
(Diethylamine) 

N,N-Diethylethanamine (СНзСН2)3М =115 90 
(Triethylamine) 

1-Propanamine CH3CH,CH2NH2 —83 49 
(Propylamine) 

1-Butanamine CH3CH;CH;CH;NH? —50 78 
(Butylamine) 

2-Methyl-2- (CH3)3CNH2 —68 46 
propanamine 


(tert-Butylamine) 


Cyclohexanamine NH; —18 134 
(Cyclohexylamine) 


Phenylmethanamine CsHsCH2NH2 185 
(benzylamine) 
Benzenamine C&4H5NH5 -6 184 
(aniline) 
N-Phenylbenzenamine (CsHs)2NH 54 302 
(diphenylamine) 
N,N-Diphenylbenzenamine (C6Hs)3N 127 365 
(triphenylamine) 
Br 
S e 
CH,Cl CH,CH,F CH4CHCH;CHCH(CH;); 
b /4-Dichloro-5- 
RT thence) Fluoroethane  Bromobemene Ванем 
I ў 
(CHy),CCH,CH,C=CH CH,CHCH—CHCH, 
5-lodo-5-methyl-1-hexyne* 4-Bromo-2-pentene* 


* Double and triple bonds and substituents other than saturated hydrocarbons take precedence 
over halogen in assignment of numbers (Sec. 32H). 
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Organohalogen compounds are not abundant in nature though they are 
found in many ocean organisms and some hormones. They are synthesized 
in moderate quantities by the chemical industry to be used as chemical inter- 
mediates, solvents, and specialty products such as insecticides. 

Most of the common organohalogen compounds are water-insoluble liq- 
uids. Their boiling points are about the same as those of hydrocarbons of 
comparable molecular weight. However, the halogen atoms account for such 
a large part of the molecular weight of organohalogen compounds that even 
the one-carbon compound iodomethane is a liquid. With the exception of 
monochlorohydrocarbons, most organohalogen compounds are more dense 
than water. Table 3-10 records physical properties of some common or- 
ganohalogen compounds. 


TABLE 3-10 Physical Properties of Organohalogen Compounds 


Density, 
Name Formula mp, °С bp, ^C g/mL 20* 
Chloromethane CH3CI —98 —24 0.916 
(Methyl chloride) 
Bromomethane CHsBr —94 4 1.676 
(Methyl bromide) 
Iodomethane СНУ —67 42 2.279 
(Methyl iodide) 
Dichloromethane СН.СЬ -95 40 1.327 
(Methylene chloride) 
Trichloromethane CHCl; —64 62 1.483 
(Chloroform) 
Tetrachloromethane СС -23 77 1.594 
(Carbon tetrachloride) 
Chloroethane СНС! —136 13 0.898 
Bromoethane C3HsBr —119 38 1.460 
Iodoethane СН —108 72 1.936 
1-Chloropropane CH3CH;CH;CI —123 47 0.891 
2-СНогоргорапе (CH3)2CHCI -117 36 0.862 
1-Chlorobutane CH(CH3);C1 -123 78 0.886 
2-Chloro-2-methylpropane (СНз) ССІ 225 52 0.842 
Chloroethene CH;—CHCI -154 13 0.911 
(Vinyl chloride) 
3-Chloropropene CH;—CHCH;CI —135 45 0.938 
Chlorobenzene C&HsCI —46 132 1.106 
Bromobenzene СеН;Вг =31 156 1.495 
Iodobenzene СНЫ —31 188 1.891 


PROBLEM 
3-21 
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Write the IUPAC name for each of the following compounds: 


CH, 


a (CH,),;CBr 
b сьс=сна c а 


с (Шу e 1ЇСН,СН,СН,СНу! 
f CCl, 


E. Aldehydes and Ketones 


Aldehydesandketonesareoften called carbonyl compounds because they 
contain carbonyl groups (2С=0). The carbonyl group is chemically one of 


the most versatile functional groups that we will encounter. We will see that a 
large number of important reactions involve changes at carbonyl groups. 


о о о 
2 \ I 
R a КСЕ or R—C—R' 
An aldehyde А ketone 


(R and R' represent alkyl or ary! groups) 

The IUPAC nomenclature employs the suffix -one to designate a ketone. 
A number indicates the position of the carbonyl group along the parent chain. 
It is also common to name ketones by using the substituent names for the two 
hydrocarbon groups connected to the carbonyl followed by the word ketone. 
(The three words are written separately.) When another functional group has 
nomenclature priority over ketone, the oxygen atom of the ketone carbonyl 
group is regarded as a substituent and designated by the prefix -oxo-. (Recall 
the closely related "-oxa- used for ethers and "-aza-" used for amines.) 


оо 
T 7 CH {сн bau 
CH,CH,CCH,CH; СН.ССН(СН.), 3 2 3 
3-Pentanone 3-Methyl-2-butanone ce 
(Diethyl ketone) (Isopropyl methyl ketone) 3-Chlorocyclohexanone* 2,4-Pentanedione 


Aldehydes are named by using the suffix -al. When a compound is 
named as an aldehyde, the functional group is necessarily at the end of the 
arent chain and so the number -1- is omitted. The suffix -carbaldehyde (or 
-carboxaldehyde) is used when the aldehyde group (—CHO) is attached to a 


* Кеюпе takes precedence in assignment of numbers over functions we have discussed previ- 
ously (Sec. 32H). 
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PROBLEM Provide a name for each of the following compounds: 
3-22 


ў ў 
а CH CCH, d (CH,),C=CHCCH,CH, 


cl o 
b CH, HCCH,CH, 


7 
с 577 


ring. If the aldehyde group is a substituent on a parent of higher nomencla- 
ture priority, the term methanoyl- (or formyl-) is used. 


г 2 
CH,CH,CZ (CHj,CHC, 
H H 


Propanal 2-Methyl, | 
(Propionaldehyde) ея 
Hy 79 
| 7g 
CH4CCH,CH,C, 
H 
Benzenecarbaldehyde 4-Oxopentanal* 
(Benzaldehyde) 


PROBLEM Name each of the following compounds: 
3-23 a 
a CH,CH—cHO 
CI 
b CH,CH,CHCH(CH, CHO 


с OHCCHO 


* Aldehyde takes priority over ketone in assignment of numbers (Sec. 3-2H). 
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Molecular interactions associated with the polarity of the carbonyl group 
lead to higher boiling points for aldehydes and ketones than those for hydro- 
carbons of comparable molecular weight. However, hydrogen bonding be- 
tween molecules of a carbonyl compound is not possible, since there is no 
readily available acidic proton. Thus boiling points are lower than those of 
related alcohols. The carbonyl oxygen atom can, however, be a Lewis base 
receptor for hydrogen bonding with water. Low-molecular-weight aldehydes 
and ketones are quite soluble in water. Table 3-11 records the physical proper- 
ties of some common aldehydes and ketones. 


TABLE 3-11 Physical Properties of Aldehydes and Ketones 


Density, 

Name Formula mp, °С bp, °C g/mL 20°C 

Methanal CH;O 792 -21 0.815 
(Formaldehyde) 

Ethanal CH3;CHO 7121 21 0.783 
(Acetaldehyde) 

Propanal CH4CH;CHO —81 49 0.806 
(Propionaldehyde) 

Butanal CH3(CH2),CHO —99 76 0.817 
(Butyraldehyde) 

Ethanedial OHCCHO 15 50 1.14 
(Glyoxal) 

2-Propenal CH;—CHCHO -87 53 0.841 
(Acrolein) 

Benzenecarbaldehyde C«H;CHO —26 178 1.042 
(Benzaldehyde) 

2-Propanone CH3;COCH; 2795 56 0.790 
(Acetone) 

2-Butanone CH34COCH;CH; —86 80 0.805 
(Methyl ethyl ketone) 

3-Pentanone C;Hs5COC?Hs —40 102 0.814 

2-Нехапопе CH3CO(CH2)3CH3 "97 128 0.813 

3,3-Dimethyl-2-butanone — CH;COC(CH3); —50 106 0.801 

Cyclohexanone {уе -16 156 0.948 

1-Phenylethanone CH3COC4Hs 21 202 1.028 
(acetophenone) 

Diphenylmethanone CsHsCOCsHs 48 306 1.10 
(benzophenone) 

‚ Carboxylic Acids 


The most important acids of organic chemistry are members of the class 
of compounds known as carboxylic acids. Carboxylic acids were one of the 
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earliest types of organic compounds to be explored by ancient chemists; they 
are present in or derived from many natural substances. The names com- 
monly used for carboxylic acids originate from the early sources of these com- 
pounds (Table 3-12). 


A carboxylic acid 


The suffix -oic acid is employed by IUPAC to designate carboxylic acids. 
The carboxylic acid group must be located at a terminal position, so the num- 
ber -1- is not included. When the functional group is connected to a cyclic 
structure, -carboxylic acid becomes the appropriate suffix. The term -carboxy- 
is employed when the carboxylic acid functional group is named as a substitu- 


ent. CO,H 
Ё 
«Сну:СНСн,СН,С, 
он 
4-Methylpentanoic Benzenecarboxylic 
i acid 
(Benzoic acid) 
NH. 
lo" E „е 
(CH) CCH,CCH,C; CH,CH—CHCH,CHCH,C, 
OH OH 
ei ter рее үрү 3-Amino-5-heptenoic acid* 
acid* 


The older names for carboxylic acids—formic rather than methanoic, 
acetic rather than ethanoic, etc.—are still commonly employed for com- 
pounds with five or less carbon atoms (Table 3-12). There is, however, a 
tendency to phase these out in favor of the systematic IUPAC nomenclature. 


PROBLEM Provide a name for each of the following compounds: 
3-24 CH; 


a CH,CH,CHCHCO,H 
C,H; 


a 
b HO,CCH,CHCO,H 


c [вон 


* Carboxylic acid has numerical priority over all the groups we have already considered (5ес. 
3-2H). 


PROBLEM 


3-25 
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An older system for designating the position of substituents in carbox- 
ylic acids makes use of Greek letters rather than the IUPAC numbering 
scheme. The carbon atom adjacent to the carboxy group is named the alpha 
(a) carbon, the next beta (В), etc. Note the difference from the IUPAC system, 
in which the carboxy carbon atom receives the number 1. The Greek letter 
system is being discouraged, but it is encountered often enough that students 
should be familiar with it. 


Cl NH, 
| ZB 72 
CH4CH,CH,CHCH;C,. CH4CH,CH,CHC, 
OH OH 
3-Chlorohexanoic acid 2-Aminopentanoic acid 
(B-Chldrohexanoic acid) (a-Aminopentanoic acid) 


Carboxylic acids are liquids or solids possessing boiling points consider- 
ably higher than those of hydrocarbons of comparable molecular weight. The 
low-molecular-weight compounds are relatively soluble in water. These prop- 
erties reflect the tendency of carboxylic acids to form both intra- and intermo- 
lecular hydrogen bonds. Common liquid carboxylic acids have sharp, gener- 
ally unpleasant odors. The higher-molecular-weight carboxylic acids are 
normally odorless because of their low volatility. Physical properties of some 
common carboxylic acids are compiled in Table 3-12. 


Carboxylic acids usually exist in solution as dimers, i.e., as pairs of 
molecules held together by hydrogen bonding. The interaction is con- 


siderably more favorable than that observed with alcohols. Propose a 
structure for a carboxylic acid dimer. 


. Carboxylic Acid Derivatives 


Compounds in which the hydroxy group of a carboxylic acid is replaced 
by another heteroatom or group are known as carboxylic acid derivatives. 
Formation of carboxylic acid derivatives involves replacement of hydroxy by 
halogen (acyl halides), carboxylate (carboxylic anhydrides), alkoxy (esters), 
and amino (amides) groups. The derivatives are readily interconverted and 
can be hydrolyzed to the parent carboxylic acids. Aldehydes and ketones are 
not carboxylic acid derivatives. 


О О 
О. 2 2 
c d um а. vs T a ^ 
ii yý I OR 
“он x oc. M 
Carboxylic acid Acyl halide* Carboxylic anhydride Ester Amide 


Acyl halides are named by adding the suffix -oyl to the parent name 
followed by a separate word to designate the specific halogen atom. When 
common acid names (Table 3-12) are used as the parent, -yl is the suffix. 


* The halogen atoms are commonly designated by X. 
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TABLE 3-12 Physical Properties of Some Common Carboxylic Acids 


Solubility, 
Name Formula mp, °C bp, °C g/100 mL НО 
Methanoic HCO;H 8 101 © 
(formic) 
Ethanoic CH3CO;H 17 118 © 
(acetic) 
Propanoic CH3CH;CO;H 21 141 © 
(propionic) 
Butanoic CH3(CH2);CO;H —4 164 © 
(butyric) 
2-Methylpropanoic (CH3);CHCO;H —46 153 © 
(isobutyric) 6 
Pentanoic CH3(CH;))CO;H —34 186 3.7 
(valeric) 
Hexanoic CH3(CH;),CO;H 5 205 1.0 
(caproic) 
Octanoic CH3(CH;))CO;H 17 239 0.1 
(caprylic) 
Decanoic CH3(CH2)gsCO2H 32 270 0.02 
(capric) 
Ethanedioic HO;CCO;H 190 10 
(oxalic) 
Propanedioic HO;CCH;CO;H 136 140 dec. 136 
(malonic) 
Butanedioic HO;CCH;CH;CO;H 188 235 dec. 6.8 
(succinic) 
Pentanedioic HO;C(CH;);.CO;H 99 303 dec. 64 
(glutaric) 
Hexanedioic HO;C(CH;),CO;H 153 265 14 
(adipic) 
2-Hydroxyethanoic HOCH3;CO;H 80 © 
(glycolic) 
2-Hydroxypropanoic CH3CHOHCO;H 17 © 
(lactic) 
Propenoic CH;—CHCOH 13 142 © 
(acrylic) 
Benzenecarboxylic C&H3CO;H 122 249 0.21 
(benzoic) 
Benzene-1,2-dicarboxylic 0-CgH4(CO;H); 210 dec. 0.54 
(phthalic) 
2-Hydroxybenzenecarboxylic : 0-HOC;H4CO;H 159 о 


(salicylic) 
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Chlorides are the acyl halides commonly employed. Most are reactive liquids 
which are used as synthetic intermediates. 


А we) 7e 
CHC CH4CH;C ей: Ке 
N SE N 
cl cl CI 
Ethanoyl chloride Propanoyl chloride Benzoyl chloride 
(Acetyl chloride) (Propionyl chloride) (bp 197°C) 
(bp 51°С) (bp 80*C) 


Carboxylic anhydrides are named from the appropriate carboxylic acid 
with the subsequent additional word anhydride. When both groups con- 
nected to the common oxygen atom are the same, the acid name is used 
without the prefix "di-." If two different groups are attached to the oxygen 
atom, their carboxylic acid names are employed as separate words. Most car- 
boxylic acid anhydrides are liquids or solids which are used principally as 
synthetic intermediates. 


оо оо 
49: Ox AS о о 
CH. AO CHCH Pd » dia 


Ethanoic anhydride Cyclopropanecarboxylic propanoic Butanedioic anhydride 
(Acetic anhydride) anhydride (Succinic anhydride) 


Carboxylic acid esters are named by using a combination of the names 
of the alcohol and carboxylic acid components of the molecule. The alcohol 
root name is employed with ап “-yl” ending as if it were a substituent, but it 
is written as an initial separate word. The second word is the parent name for 
the carboxylic acid with the suffix -oate replacing "-oic acid." When an ester 
group is named as a substituent, -alkoxycarbonyl- (or -carboalkoxy-) is used. 
Salts of carboxylic acids have a similar nomenclature in which the cation 
names are indicated first. 


О o 


и Ё 
И) Pe CHIC ее еф 
с сои OC,Hs ot ) 
OCH;CH; О: Na* 
Ethyl cyclohexanecarboxylate Sodium benzoate Phenyl ethanoate Cyclohexyl propanoate 
(Phenyl acetate) (Cyclohexyl propionate) 


Carboxylic acid esters are among the most pleasant-smelling organic 
compounds. They contribute to the flavors and fragrances of fruits and flow- 
ers. Many are excellent solvents and reaction intermediates. The common 
esters are volatile liquids. Some of their physical properties are recorded in 
Table 3-13. 

The suffix -amide is used with the parent name to designate an amide. 
Most common amides are solids or liquids with high boiling points. We will 
learn that a very important aspect of their chemistry is that they provide the 
structural units which hold amino acids together in proteins. 
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TABLE 3-13 Physical Properties of Esters 
м 


PROBLEM 


Name Formula mp, °C bp, °С 
Methyl methanoate HCO;CH5 —99 32 
(Methyl formate) 
Methyl ethanoate CH3CO;CH; —98 57 
(Methyl acetate) 
Ethyl ethanoate CH3CO;CH;CH; —84 77 
(Ethyl acetate) 
Butyl ethanoate CH3CO2(CH2)3;CH; —78 127 
(Butyl acetate) 
Methyl propanoate CH;CH;CO;CH; —88 78 
(Methyl propionate) 
Methyl butanoate CH3(CH;);CO;CH; —85 103 
(Methyl butyrate) 
Ethyl benzenecarboxylate CsHsCO2CH2CH; —35 215 
(Ethyl benzoate) 
О О 
VA 2 Í 
oe CH,CH=CHCC CH,CH,CÁ 
H, NH, N(C;Hj), 
Ethanamide 2-Butenamide N,N-Diethylpropanamide 
(Acetamide) (Crotonamide) (bp 191°C) 
(mp 82°С) (mp 162°C) 


Nitriles are often considered along with carboxylic acid derivatives be- 
cause the cyano group (—C=N) is readily converted to the carboxylic acid 
group. Their nomenclature reflects a relation to carboxylic acids. The suffix 
-nitrile or -onitrile is added to the parent name. Numbering includes the 
nitrile carbon atom. The prefix cyano is used to name the nitrile group as a 
substituent. 


СІ СЕМ 


| | 
CH4CHCH,C-N N=CCH,CH,CH,CH,C=N CH,CHCH,CO,H 
3-Chlorobutanenitrile Hexanedinitrile 


3-Cyanobutanoic acid 


(Adiponitrile) 
CH;C=N сн,=СНС=М 
Ethanenitrile Propenenitrile 
(Acetonitrile) (Acrylonitrile) 


Name each of the following compounds: 
а (CH;);CCOCI d HCONHG,H; 
b (CH;),C(CI)CH,CO,CH, e (CH,CH,CO),O 


c (  аисиенусам f «осн, 
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в C,H,CONHCH, h CH,CH,CHCH,C=N 
C,H; 


H. Functional Group Priorities and Abbreviations 


When two or more functional groups are parts of the same molecule, a 
choice must be made as to which will be the basis for the parent name. The 
suffix, root name, and numbering depend upon that decision. 

A priority order has been established for the IUPAC nomenclature 
(Table 3-14). Highest priority is assigned to functional groups that have an 
IUPAC suffix and which must terminate a carbon chain. Carboxylic acids and 
their derivatives are in that category. Next are groups that have a suffix and 
can be located at any position in a molecule. Examples are hydroxy (alcohol) 
and amino (amine). Lowest priority is assigned to groups, such as halogen, 
which have no suffix and so are always named as substituents. With the 
exception of the “-ene” or “-yne” designations for double and triple bonds, 
which can become part of the parent name, only one suffix is used with the 
parent name in the IUPAC system. Table 3-14 includes some groups that are 
not considered in this chapter but are of importance in subsequent study. 

Abbreviations are often employed to simplify the designations for com- 
mon structural groups or to represent general structural types. When writing 
chemical equations, such shorthand notation should never be used to repre- 
sent atoms at which reaction occurs. Table 3-15 summarizes some common 


structural abbreviations. 
TABLE 3-14 IUPAC Nomenclature Summary Arranged in Order of 


Decreasing Numerical Priority 
Class Formula Suffix Prefix 
Cations R,Nt -ammonium ammonio- 
R,P* -phosphonium phosphonio- 
RiSt -sulfonium sulfonio- 
о 
Carboxylic acids —COH -oic acid carboxy- 
77 
Carboxylic acid COC -oic anhydride 
anhydrides 
о 
Carboxylic acid S Cu alkyl -oate alkoxycarbonyl- 
esters (or carbalkoxy-) 
о 
Acyl halides —CX -oyl halide haloalkanoyl- 
О 
Amides —CNH, -amide carbamoyl- 
Nitriles =с= -nitrile cyano- 


(or -onitrile) 
INN UM 
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TABLE 3-14 (Continued) 


Cl Formula Suffix Prefix 


lass 
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Aldehydes 


Ketones 


Alcohols 


Mercaptans 
Amines 
Ethers 
Sulfides 


Alkenes 


Alkynes 
Halides 
Nitro 


Alkanes 


* These are suffixes to a root word. The names of alkanes, 
which other names are derived by addition of suffixes and 


—NO, 


pene 
ri 


-al alkanoyl- 
-one -охо- 
-ol hydroxy- 
-thiol mercapto- 
-amine amino- 

(or aza) 
— -oxa 
(ether) (or alkoxy-) 
— -alkythio- 
(sulfide) (or thia) 
-ene* alkenyl- 
-yne* alkynyl- 
— halo- 
— nitro- 
-ane* alkyl 


TABLE 3-15 Some Common Abbreviations 


alkenes, and alkynes are the parent names from 
ргейхез. 


Abbreviation Represents 

К Any alkyl group 

Ar- Any aryl (aromatic) group 

X Any halogen atom 

Ph-, ф- A benzene substituent (CsHs—) 
Me- A methyl group (CH;—) 

Et- An ethyl group (CH3CH;—) 

vy A propyl group (CH3CH;CH;—) 
dir A butyl group (CH;CH;CH,CH2—) 
iPr- An isopropyl group [(CH;)CH—] 
pri Primary 

pees Secondary 


tert- Tertiary 
———————MÉ olea И 5 
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Supplementary Problems 


Draw a structural formula for each of the following compounds: 
p-Chlorobenzoic acid 
1-Cyclohexyl-2,2-dimethyl-1-propanone 
2-Butyl 4-methylpentanoate 

Ethyl 2-cyclobutenecarboxylate 
4-Methoxy-2-butenoic acid 
N-Methyl-N-phenylethanamide 
2,4,6-Trichlorononanenitrile 
2,2-Dimethylpropanoic acid 
4-Methyl-2-cyclohexenone 
Tetrabutylammonium bromide 

Allyl benzyl ether 
4-Methoxy-2-methyl2-hexene 

m 3-Phenylbutanamide 


Provide the IUPAC name for each of the following structural formulas: 


a арте: 


соа 
CH, Cl О CH,-CH, вр i 


it ÓH 
OH 
p CONH, 


CH4CH; NH, 
‚сон H 


c (CH,),C—CH,—CH 
NH; j “СУК СУсо-инснусн, 


cl 
CHO 
К mos. ^ Lm 
H k 


OH 


CO,H 
1$ 
" О 


т (CHj4CHCOCH; 


— ro но ро ср 


Вг 
NH, 
f 
о 
CH; 
g CH,CH,NH—CH,CH, © CHCH, 
CHO 


Draw a structural formula for each of the following compounds: 
a 2-Phenylethanol 
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3-30 


3-31 


3-32 


3-33 


4-Oxaheptane 

3-Oxobutanoic acid 

Benzyl methyl sulfide 
2-Bromo-1-hydroxy-4-methylbenzene 
Triisopropylamine 
4-Hydroxy-2-pentenoic acid 
N,3,3-Trimethylbutanamide 
6-Methyl-1,3,5-heptatriene 
4-Cyano-4-ethylheptanoic acid 
3,4-Dibromo-4-ethylcyclohexanone 
4,4-Dimethyl-2,5-cyclohexadienone 
m 3-Chloro-4-cyclopropyl-1,2-cyclobutanediol 


= p ло нора с 


Provide an IUPAC name for each of the following structural formulas: 


a CH.CH,CHC=CCH, о 
CH; i CH; 
OH CH,CHCH; 
b CH,CHCHCH,CH(CHj, 
СН, j 
€ С,Н,СН,ОС,Н, 
d OHC(CH,),CO,H 
er k «енко 
е (CHj4CCH;CH;NHCH, 
£ [сна 1 (CH C-CHCHCH,CO,H 
а 
8 <. а a 
m CH,CHCH,CO,CH, 
CH—CH, 
h 
а 


Draw structural formulas and provide names for: 
a A ketone with the molecular formula СНО 
b Aldehydes with the molecular formula C4H0 
c Esters with the molecular formula C4H0; 

d Alcohols with the molecular formula C4H0 
e Ethers with the molecular formula C4H;9O 


Two compounds have the formula C;H40. 

a What are their structural formulas and names? 
b Which has the higher boiling point? 

€ Which is more soluble in water? 


Draw a structural formula for each of the following compounds: 
a 5,6Diethyl-3,3,7-trimethyl-2-nonanol 

b 2-Butyl 3-phenylpropanoate 

с 4Isopropyl-3-phenylcyclopentanone 
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3-Bromo-1-ethyl-4-isopropylcyclooctanol 
3-(1-methylpropyl)4-ethylphenol 
Triethylammonium hydroxide 
4-(N,N-dimethylamino)-2-butanol 
Diisopropyl sulfide 
3-Ethyl-1,3-hexanediol 
2-Methyl-2-octanol 

p-Nitroaniline 
2-Chloro-5,5-dimethyl-6-nonen-4-one 
m 3-(4-Chlorobutyl)1,4-pentanediol 

n (1-Chloropropyl)benzene 

о 4-(4-Bromophenyl)butanoic acid 


Seo ro но д 


Provide a name for each of the following compounds: 


Je Onan cl 
а (CHj),C—CHC(Br)- CHCH—CHC; 
H i 
b CH,CH(C4H;)COCH; 
c (CH,),C=CHCOCH(CH;), E 
d H,NCH,CH(OH)CH,CH,CH;NH; 3 
CO,CH, 
oH j 2 
e (CH;);CCCH,CH,CH,CH, Dao 
CH,CHCH,CH, D 
Il 
OH k cxeci-{)-a 
f Z GH; 
OH о Вг 
о bL son 
CH; CH; 
g m CH,CH,CH(C,H,)CH,CN 
d n [(CHj,C,CH 
C4 Hs 


CHCH; CH;CH,CH;Br | 
^ LI o CH,CHCHOCH, 
CH; CH; 


Provide a name for each of the following compounds: 


Noe we 
a cpe ось, а снг снесн C-CH,- сн 


СМС CH; CH; 
| CH 
b CH,CHCH,CHCH, он ds 
en 2 CH—CH,—CH, 
—CH—CH,—C—OH 
с CH,—CH m NH, 


NO; CH; 
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CH; 
f CH,CHBrCCO,CH, j 
он 
CH, 
8 HC=CCH=CCHCHCONHCH, К 
Br OH OH 


> СОС! 
cl 


Вг CH; 
h о 


CH, 


4-4 


4-5 


Characteristic 
Reactions of 
Organic 
Compounds 


Acids and Bases 
A. Carboxylic Acids and Amines B. Energy Relations C. Scale of 
Acidities D. Uses of pK, Values 


Reactions of Organic Compounds 
A. Addition B. Elimination C. Substitution 


Oxidation and Reduction 
A. Oxidation States of Organic Molecules B. Redox Reactions 


Summary 


Supplementary Problems 
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4-1 


The first questions that had to be answered in the development of or- 
ganic chemistry were related to the constitutions of seemingly complex natu- 
ral materials. Chemists of the nineteenth century observed the behavior of 
organic compounds and related the results to molecular structure. 

In the early twentieth century the concepts of bonding were developed. 
Questions as to how and why compounds react logically followed. A chemi- 
cal reaction is characterized by the interaction of one molecule with another in 
such a way that some bonds are broken and other bonds are formed. New 
molecules are generated. 

The reactions associated with acidity and basicity were known from 
studies on inorganic compounds. It was also recognized that certain organic 
compounds had similar, though usually much weaker, acid or base proper- 
ties. Although acidity and basicity play a prominent role in the chemistry of 
organic compounds, it is the reactions which we now understand to take 
place at carbon and associated functional groups that form the basis for the 
broad study and practice of organic chemistry. 


Acids and Bases 


Every student of introductory chemistry is familiar with the definitions 
of acids and bases. In the Brónsted-Lowry definition: an acid is a proton 
donor; a base is a proton acceptor. The Lewis definition of acids and bases is 
more general: an acid is an electron-pair acceptor; a base is an electron-pair 
donor. We will find that both systems for classifying acids and bases are 
useful in discussing organic reactions. 

Acidity and basicity are relative properties of molecules. A particular 
compound can be an acid relative to one material and a base relative to an- 
other. Water provides an example of these relations: 


H,O + HX == H,O+ жк 
Base Acid Conjugate Conjugate 


HÖ +B:- == HO:- + BH 
Acid Base Conjugate Conjugate 
base 


PROBLEM 


4-1 


PROBLEM 


4-2 


А. 
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Most organic compounds are neither acidic nor basic relative to water. 
Those low-molecular-weight compounds that are soluble in water usually dis- 
solve with no pH change to that neutral solvent unless they possess a carbox- 
ylic acid or an amine functional group. 


Methanol has acid-base properties that are similar to those of water. 


Write chemical equations which show methanol functioning as an acid 
and as a base. 


Is a proton (H*) a Brónsted acid, a Lewis acid, or both? 


Carboxylic Acids and Amines 
Carboxylic acids (Sec. 3-2F) are the common acids of organic chemistry. 
The carboxy group, —СОЬН, is the proton donor, as illustrated below, for 
acetic acid (ethanoic acid). 
CH,CO,H + н.о == CH,CO; + HjO* 


Acetic acid 
(Ethanoic acid) 


‚ _ ICH.COZIH,O*] 
where Ko = (CH. CO;HIIH;O] 


Although carboxylic acids are sufficiently acidic to donate protons to 
water, their dissociation constants are small when compared to those of the 
acids common to inorganic chemistry. Most carboxylic acids have dissocia- 
tion-constant values near 107°. Carboxylic acids in aqueous media are 
classed as weak acids. Since the concentration of the solvent (water) is essen- 
tially constant, the acid dissociation constant (K,) for acetic acid is defined as 


[CH COz][H,0*] 


К, = КИНО] = CON = 1.76 x 1075 (25°) 


The equilibrium equation can be represented in more general terms as 


HA + solvent EN solvent—H* + А: 


К, = № [solvent] = [HA] 


Acidity of an aqueous solution is normally measured in terms of pH: the 
negative logarithm of the hydrogen ion concentration, or, more precisely, the 
negative logarithm of the hydrogen ion activity. A 1 N aqueous solution of 
acetic acid possesses a pH value of 2.4. 

The pH scale applies only to aqueous media. Since most organic com- 
pounds are insoluble in water, organic reactions and associated acidity rela- 
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tions are usually carried out in nonaqueous solutions. Consequently, the рК, 
scale has been adopted аз а more appropriate measure of acidity for organic 
compounds. The pK, is defined as the negative logarithm of the acid dissocia- 
tion constant. In an aqueous medium, acetic acid has a pK, value of 4.75, As 
with the pH, a lower value of the pK, means that the compound is a relatively 
better proton donor, i.e., a stronger acid. 


PROBLEM a Show the calculations for determining the pK, of acetic acid and for 
4-3 the pH of a 1 N solution of acetic acid in water. 


b What percent of acetic acid is dissociated in the 1 N solution? 


Amines (Sec. 3-2C) are the most important class of organic bases. The 
amino group, —М№Н,, provides the characteristic basicity. Methanamine 
(methylamine) dissolves in water to produce a solution with a pH value of 
12.3 (1 N solution). Although a scale of pK, values for the equilibrium con- 
stants of bases can be compiled, it is common to place all acids and bases ona 
common рК, scale. For bases, pK, normally measures the acidity of the conju- 
gate acid (the protonated form) of the amine. Since weak acids have strong 
conjugate bases, a sequence of increasing pK, values for the conjugate acids 
of a series of bases means that the bases are increasing in basicity. 


+ 

CHNH, +H,O = снн, + Hjo* 
Methylammonium ion Methanamine 
Methylamine 


К, = КИНО] = ESO 


In aqueous solution the pK, and PK, values are related by the dissociation 
constant of water: 


= 2.7 X 101 (25°C) рк, = 10.6 


10-4 
hogy а PT M- pk, 


PROBLEM à In aqueous media the pK, value can be derived from the pH value by 
4-4 using an expression commonly known as the Henderson-Hassel- 


balch equation: 
[undissociated acid] 


Ка = pH + 1 
LA р "s [conjugate base of the acid] 


Derive this equation. 


b The PK, values of monoprotic acids such as carboxylic acids can be 
determined by measuring the pH at the point at which the acid is 
one-half neutralized. Show how this relation is derived. 
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B. Energy Relations 


When a chemical reaction attains equilibrium the position of equilibrium 
reflects relative energies of reactants and products. For essentially all of the 
organic compounds that function as acids, the equilibrium constants (K,) are 
much smaller than 1.0. The equilibria lie far toward the reactants; to the left in 
our usual chemical equations. 


АН + В .—— A’ * BH* 


The equilibrium constant K is related to the standard free-energy differ- 
ence AG? between product and reactant by the equation 


AG? = -RTIn К 
where К = 1.99 х 107? kcal/(mol)(K) [8.31 x 107° kj/(mol)(K)] 
T = temperature, К 


be [product] 
[reactant] 


From the value of its equilibrium constant (1.76 X 1075) we can calculate 
that the standard free energy for the dissociation of acetic acid in water at 
298 К (25°C) is 6.5 kcal/mol (27.1 kJ/mol). Reactants are of lower energy than 
products (AG? > 0; K € 1), and the reaction is said to be endergonic. Energy 
(usually heat) must be added to attain equilibrium. In an exergonic reaction, 
products are of lower energy than reactants (AG? € 0; К > 1) and energy is 
evolved. Figure 4-1 illustrates the free-energy relations for the dissociation of 
acetic acid. 

Two important thermodynamic parameters contribute to the difference 
in free energy between products and reactants and thus to the position of 
equilibrium. The change in enthalpy АН’, or heat of reaction (Sec. 2-8B), is 
associated with differences in bond energies between products and reactants. 
Reactions in which product bonds are stronger than those of the reactants 
evolve heat. They have a negative change in enthalpy (AH? < 0) and the reac- 
tions are said to be exothermic. For reactions that are endothermic (АН? > 0), 
the bonds of the reactants are stronger than those of the products and heat 
must be added to attain equilibrium. 

The second parameter, the change in entropy 45°, is a measure of differ- 
ences in randomness or freedom of motion between the molecules of prod- 
ucts and reactants. A more-positive value of the change in entropy indicates 
an increase in randomness as reactants convert to products. The expression 
which relates these parameters is 

AG? = AH? – TAS? 


FIGURE 4-1 CH,CO; + H,O* Products 
Relative free 
energy of reac- 
Ы СН,СО;Н + H,O ^ Reactants 
sociation of 

acetic acid in 

water. 
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Note that the terms "exergonic" and "endergonic" refer to the change in 
free energy of reaction, AG°. "Exothermic" and “endothermic” refer to the 
change in enthalpy of reaction, АН°. The value of the change in enthalpy for 
typical organic reactions is usually much larger than that of the T AS? term 
and makes the major contribution to the free-energy difference. It is therefore 
common to speak of reactions in terms of AH”, that is, as exothermic (generat- 
ing heat ДН? < 0) or endothermic (requiring heat ДН” > 0). When AH? = 
T AS’, a situation that commonly occurs in biological systems, the terms “ex- 
ergonic" and "endergonic" are almost always used. 

Although the positions of equilibria lie toward reactants for the dissocia- 
tion of most carboxylic acids, the proton transfer is very rapid. We will, in 
fact, learn that rapid proton transfers are often a very significant part of reac- 
tion mechanisms. However, it is important to recognize that free-energy dif- 
ference governs the position of equilibrium and not the rate at which equi- 
librium is established (Sec. 5-3). 

Relatively small differences in the magnitude of the free energy lead to 
rather marked changes in the position of equilibrium. Only about 3 kcal/mol 
(12 kJ/mol) difference between products and reactants results in greater than 
99 percent of product (or reactant) at equilibrium (Table 4-1). 


. Scale of Acidities 


The pK, values 0-14 can be measured quite accurately in aqueous solu- 
tion by using simple titrimetric methods and а pH meter. The pK,'s of 
stronger (pK, < 0) and weaker (РК, > 14) acids are more difficult to deter- 
mine. Acidities of strong acids are usually measured in acidic media, and then 
the values are related to the aqueous scale. Acidities of weak organic acids are 
commonly determined in organic solvents and correlated with aqueous 
media. Data from a variety of sources have been correlated to give very useful 
compilations of relative pK, values (Table 4-2). 


TABLE 4-1 Relations between Relative Concentration and Free Energy for 
Simple Equilibria (A == В) at 25°С 


Population at Equilibrium 46° 

Reactant A,% Product В, X K kca/mol (kJ/mol) 
99 1 0.01 2.72 (11.37) 
90 10 0.11 1.30 (5.43) 
75 25 0.33 0.65 (2.72) 

50 50 1.00 0 (0) 
25 75 3.00 —0.65 (-2.72) 
10 90 9.00 —1.30 (7548) 
1 99 99.00 —2.72 (-11.37) 

0.1 99.9 999.00 —4.09 (7474) 


0.01 99.99 9999.00 —5.46 (722.82) 
о -546 (2789) 


TABLE 4-2 Scale of Acidities 
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àcid PKa Conjugate Base 
wa s R F 
CH;—CH; 50 CH,—CHg 
CH, 49 :CH3 
CH,=CH, 44 CH,—CH- 
C,H;CH; 41 C,H,CHz 
[(CH3)/CHI,NH 38 ((CH,),CH],N- 
NH; 36 NH; 
C,H;NH, 35 C,H,NH- 
CH;=CH— CH; 35 CH,=CH—CH, 
(C6H5), CH 32 (C,H3.C- 
C,H;NH, 27 C,HSNH- 
CH,C=N 25 CH,C=! 
CH,CO;CH; 25 CH,CO,CH, 
HC=CH 25 НС=С- 
OI NN CIS 
CH,COCH, 20 CH,COCH; 
ол У, 18 ом-( вн 
(CHj,COH 18 (CH,),CO :- 
l \ 16 l \ 
C,H,OH 16 Сн: 1 
но 157. HO 
CH,OH 15 CHO:-. 
(RO,C),CH, 135 (RO,C),CH- 
CO; CO; 
ӧн ӧ:- 
H,N HN 0. 
мен 134 JC-NH 
а нм 
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TABLE 4-2 (Continued) 


Acid РКа Conjugate Base 
РЕРИХ ТИЧУ ттт ————— 
(NC),CH; 1.2 . (NO,CH- 
CH,COCH,CO,R n CH,COCHCO,R 
C,H,SH 106 С,Н;5:- 
RNH$ RNH, 
МНЕ ~10 R,NH 
R,NH* RN 
CH,NO, 10.2 :CH,NO, 
HCO; 102 СО 
C;H,OH 100 — &Hj:- 
: NH 9.6 e 
NO, NO, 
Cyn С (3 A 
Мн 92 Мн, 
HCN 91 ^" зав 


8.8 n age id 
к х " Ў 
кнд у-н во Cus) m 
од Yön 72 од )-8 x 


HS 70 — H$:- 
H,CO, 64 НСО; 
(CH,CO),CH 59 (CH,CO),C- 
E ka 

+2 2 

H , 5.2 N 
C,H,NH(CHj), 51 — GH,N(CH, 
CH,CO;H 48  CH,CO; 
C;H;NH; 4.6 C,H,NH, 
C,H,CO,H 42 — QCH,CO; 


TABLE 4-2 (Continued) 


Acid РКа 
HCO,H 37 
CH;(NOj); 3.6 
HNO, 33 
НЕ 32 
CICH,CO,H 29 
НУРО, 2.2 
Cl,CHCO,H 13 
on мн 10 
+ 
(C,H3,NH; 08 
Cl,CCO,H 07 
C,H,SO,H 07 
NO; 
ON OH 0.3 
NO, 
CF,CO,H 0.2 
CH,CONH?# 0.3 
HNO, m 
H,O+ -17 
C,H,CONH$ -2 
CH,OH$ 172 
C,H;OH4 —2.4 
(CH3,COH$ —3.8 
(CH,),OH* —3.8 
H,SO, din 
(CH4),SH* —5.4 
сњо )-ен-он ES 
OH* 
2 
снб, i 
OH(R) 

C,H,OH$ —6.7 
на > vim 
(CH, C-OH* ga 
HBr —9.0 
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Conjugate Base 


НСО; 
:СН(М№О,), 
МО; 

SEES 
CICH,COz 
H,PO; 
Cl,CHCOz 


on{ ин, 


(C,H;,NH 
Cl,CCO; 
C,H,505 


ON: Qu 


CF,CO; 
CH,CONH, 
NO; 

но 
C,H,CONH, 
CH,OH 


C,H,OH 
(CH,),COH 


(CH,),0 
HSO; 
(СН;),5 


cio" cho 


102 


PROBLEM 
4-5 


Characteristic Reactions of Organic Compounds 


TABLE 4-2 (Continued) 


Acid рк. Conjugate Base 
O, NO, 
O,N: NH4 —94 ON NH, 
NO, NO, 
R—C=NH+ —-10 R-C=N: 
HI -—10  ::- 
HCIO, —10 ClO; 
OH Ó:- 
xA +70: 
R—N —--1 вм” 
N SO 
So 
SbF, - FSO,H —-20  SbF,+FSO; 
НЕ. SbF, —-25 SbF; 


The data of Table 4-2 reveal a broad spectrum of potential Brónsted 
acids. The weakest acids are hydrocarbons. Protonated organic compounds 
are the strongest of the organic acids, and the strongest acids known are 
inorganic compounds. 

Another interesting generalization is that, in a series of weak acids of 
similar carbon skeleton, alcohols are the most acidic, primary and secondary 
amines are less acidic, and hydrocarbons are the least acidic. For example, 
ethanol (C;H5OH) has а pK, value of 16, ethanamine (C2H5NH3) a pK, value 
of 35, and ethane (C;H;) a pK, value of 50. The groups are fundamentally 
different because each involves ionization of a proton from a different atom. 


Refer to the data of Table 4-2 to: 


à Arrange the halogen acids (HF, HCI, HBr, HI) in order of decreasing 
acidity. 


b Compare acidities of the following compounds containing an OH 
bond—CH;OH,, CH30H, and CH5CO;H. 


€ Compare the acidities of amines and ammonium salts. 


The nature of the reaction medium influences the dissociation of acids 
and bases as well as the course of other types of reactions. Water is a favorable 
medium for the ionization process because it has a high dielectric constant 
and the ability to solvate anions and cations. Hydrogen bonding (Sec. 3-2A) 
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TABLE 4-3 Effect of Solvent on Dissociation of Acetic 


Acid at 25°С 

Solvent* Ка pK, 
Water 1.76 x 10-5 4.8 
20% dioxane-80% water 5.11 x 106 Bid, 
45% dioxane-55% water 4.93 x 10-7 6.3 
70% dioxane-30% water 4.78 x 107° 8.3 
82% dioxane-18% water 7.4 x 107 10.1 
10% methanol-90% water 1.25 x 107° 4.9 
20% methanol-80% water 8.34 x 10-6 59 
Benzene Too small to measure 


* Dioxane is a cyclic diether (1,4-dioxacyclohexane) that is relatively nonpolar 
but miscible with water through hydrogen bonding. 


between water or alcohols and many conjugate bases is another energetically 
favorable component of the solvation process. By contrast, nonpolar hydro- 
carbons are poor media for acid dissociation. The data of Table 4-3 illustrate 
the effect of solvent on the dissociation of acetic acid. 

Boron trifluoride and aluminum chloride are electron-deficient com- 
pounds. They are Lewis acids; electron-pair acceptors. Such Lewis acids are 
acid catalysts for certain organic reactions. Unfortunately, quantitative meas- 
urements of relative Lewis acidities are difficult to obtain. An approximate 
order of acidity is 

BF, > AICI, > FeCl, > SbCl; > ZnCl, > НЕСІ, 


Boron Aluminum епс Antimony Zinc Mercuric 
trifluoride chloride © chloride ^ chloride chloride chloride 


PROBLEM Draw a diagram depicting relative energies of products and reactants 
4-6 for each of the following: 


a The reaction between hydrochloric acid and water (K, — 107) 
b The reaction between trifluoroacetic acid and water (K, = 1) 
СЕ,СО,Н + Н,О === CF,CO; + НзО+ 


c The reaction between phenol and water (К, = 10710) 
C,H,OH + H,O == С;Н;0- + H,0* 


D. Uses of pK, Values 


Many organic reactions are initiated by a step involving either protona- 
tion or deprotonation of a reactant; i.e., an acid-base process. An acidic or 
basic reagent will often be capable of converting the reactant to its required 
conjugate acid or base in an energetically favorable (exergonic) process. We 
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can use the pK, values of Table 4-2 to choose appropriate acidic or basic rea- 
gents. Remember that pK, values reflect relative differences in stabilities be- 
tween acids and their conjugate bases. The strongest acids give the most 
stable conjugate bases and strong bases are the conjugate bases of weak acids, 
Table 4-4 compiles the acidity-basicity relations of some common reagents, 

As an example of the use of pK, data in choosing a reagent, consider the 
reaction of a ketone in which the first step requires base-promoted removal of 
а proton next to the carbonyl group (Sec. 12-1). 


© 
RCH взнос рну. + BH 


The pK, value of a simple ketone is about 20. A weak base such as bicarbon- 
ate, whose conjugate acid has a pK, of 6.4, will provide very little of the 
required anion. The difference in pK, values, 20 — 6.4 ~ 14, indicates that the 
equilibrium constant for that reaction is only about 10-14. An alternative is to 
choose a very strong base such as amide (NHz), the conjugate base of ammo- 
nia (pK, = 36). In this case the equilibrium will be favorable, with an equilib- 
rium constant near 105. Amide will convert essentially all the ketone to the 
required anion. 

A very common and readily available reagent used in this type of base- 
promoted process is sodium ethoxide (CoH5O Na), the salt of the conjugate 
base of ethanol (pK, = 16). Although the equilibrium constant for an equi- 
molar mixture of a ketone and sodium ethoxide is only 10~*, the acid-base 
reaction is sufficiently rapid that equilibrium is shifted to the desired anion as 
it is needed by the subsequent reaction. 


TABLE 4-4 Common Acidic and 
Basic Reagents Used to Initiate 
Organic Reactions 


Bases Acids 
NaH FSO,H - SbF, 
i-BüLi CF,SO,H 
ME >| FSO.H 
5 | GPrNLi S| HC. 
| NaNH, = | Н,50, 
Ф| (C,Hj;CNa Е ВЕ, 
$| (CH),COK 5 | GH,SO,H 
&| CHsONa Ó| срсо,н 
NaOH | CH,CO,H 
ЕМ 
Pyridine 
CH,CO,Na 


м 
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7 7 
R—CH,C—R' + C;H,O-Na* == Sad + C,H,OH 


Reaction of ketone 
conjugate base 


List the pK, values of the acids from which the bases in Table 4-4 are 
derived. 


Complete the following acid-base equilibrium reactions and compute 
the equilibrium constants. Which reactions go essentially to comple- 
tion (> 99% products)? 


а C,H,NH, + CH,CO,H e HC=CH + МН; 
b CH,O- + CH,COCH,CO,CH, f HCO; + HCO,H 
c CO2- + HCN в Cl,CHCO,H + C,H,NH, 


d CHNO; + С» - h GH,OH + ( ^ 


Reactions of Organic Compounds 


The detailed study of organic reactions will be deferred until later chap- 
ters. However, a few examples from each reaction class are introduced here to 
illustrate the direction in which we will proceed. Reactions are divided into 
three classes: addition, elimination, and substitution. Rearrangements are 
often listed as another class, but actually they involve skeletal changes which 
proceed by means of one or more of the three fundamental reaction types. 
The three classes comprise an operational representation of organic reactions. 
Each describes a general process that takes place during the reaction se- 
quence. We will learn that conversion of one functional group to another is 
quite common. к 

An essential criterion for understanding the reactions of organic com- 
pounds is a recognition of what structural changes are taking place. The iden- 
tification of reaction products is an important aid in discovering this. Products 
are commonly identified through the use of modern spectroscopic analyses 
(appendix) often in conjunction with specific chemical tests. 
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А. Addition 


Addition reactions take place with compounds that are unsaturated 
(Sec. 2-2A). Unsaturated molecules are capable of accepting additional atoms 
or groups from reagents without exceeding the maximum coordination num- 
bers of their own atoms. Compounds with carbon-carbon double and triple 
bonds and carbon-oxygen double bonds are the most common Structural 
types which undergo addition reactions. 


(CH3),C=CH, CH3C=H | (CH;).C=O 
2-Methylpropene Propyne 2-Propanone 
Compounds that contain an unsaturated bond 
Bromine, for example, readily adds to most carbon-carbon double and 

triple bonds in a reaction known as bromination, or in general as halogena- 
tion. The unsaturated carbon atoms are converted to tetracoodinate (satu- 
rated) atoms as the original pi bond is replaced by sigma bonds to bromine 
atoms. This bromine addition reaction is often used as a qualitative test for the 
presence of carbon-carbon double or triple bonds. The red-brown solution of 
bromine is slowly added to the suspected alkene or alkyne. The addition 
product is normally colorless: disappearance of the bromine color is the indi- 
cation that addition has occurred. 


г 


CCI, solvent ~ 
CH,(CH,);CH=CH, + Br, ее. CH,(CH,),CH—CH,—Br 


r Br Br 
ME 
CH,C—CH + Br, покет, CH ссн в, ВСС, CH C Сн p, 
Room temp. b 
r 


: Addition of hydrogen to carbon-carbon multiple bonds, hydrogena- 
tion, is a very important part of petroleum refining and other operations of 
the petrochemical industry. Most hydrogenation reactions require a catalyst. 


CH;CH,CH—CH, + Н, “==, cu сн сн сн, 


9+ ain pran 2 


The quantitative measurement of hydrogen consumed is one method 
used for determining the number of multiple bonds in a molecule. A specific 
quantity of a compound to be tested is introduced into a hydrogenator along 
with an appropriate catalyst and solvent. The apparatus includes a device, 
usually a gas buret, to measure hydrogen gas consumed in the addition proc 
ess. The results of such an experiment, when combined with the index of 


hydrogen deficiency (IHD, Sec. 2-2D), form a very useful part of structural 
elucidation. 


PROBLEM 
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Hydrogen and the halogens are symmetrical reagents in that they add 
the same atom to each end of the multiple bond. Unsymmetrical reagents also 
may add to multiple carbon-carbon and carbon-heteroatom bonds. Of partic- 
ular interest are the additions of water (hydration) and of the hydrogen ha- 
lides (hydrohalogenation) to alkenes, for these processes produce important 
alcohols and haloalkanes. Both of these addition reactions are promoted by 
acidic reaction conditions. In Chap. 15 we will learn why the components of 
these unsymmetrical reagents usually add so as to place the hydrogen atom 
on the alkene carbon atom that already has the greater number of hydrogen 
atoms. 


CH,—CH, + H,O "> CH,CH,OH 
OH 
CH,CH=CH, + н.о &, CH, HCH, 
CH,—CH, + HCl —> CH,CH,CI 


Provide the IUPAC name for each of the organic compounds illustrated 
in the addition reactions of this section. 


A liquid hydrocarbon A, СН», can be hydrogenated over a platinum 
catalyst to give methylcyclobutane. Addition to A of bromine in carbon 


tetrachloride gives the colorless compound B with the molecular for- 

mula C;HsBr;. 

a Show how these data and the IHD lead to a structural formula(s) for 
A. 


b Write a chemical equation for the reactions. 


c Do the data define a unique structure? 


B. Elimination 


An elimination reaction is the opposite of an addition reaction. Atoms 
are removed from a molecule to form products with multiple bonds or, in 
some cases, rings. Atoms that were originally saturated become unsaturated. 
We will be most interested in reactions in which atoms or groups are removed 
from adjacent atoms of the carbon skeleton, the 1,2-elimination reactions. 

Dehydration, the loss of water from an alcohol, is the opposite of the 
hydration reaction. The process is usually promoted by heat and strongly 


acidic reaction conditions. 
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CH,CH,CH,CH,OH =E, CH,CH,CH—CH, + H,O 


P'ehydrohalogenation, the loss of components of a hydrogen halide, is 
the opposite of the hydrohalogenation reaction. It is usually promoted by 
heat and strongly basic reaction conditions. 


CH,Cl 


CH, 
© + NaOH 4 C + H,O + Ма 


Many dehydration and dehydrohalogenation reactions proceed so as to 
give a mixture of products which are isomeric in relation to the newly formed 
multiple bond. In Chap. 14 we will learn why the product with the more- 
substituted double bond is usually predominant. 


OH 


| 
CH,CH,CHCH, 59, CH,CH—CHCH, + CH,CH,CH—CH, + H,O 
Major Minor 


Br CH; 


| | 
(CH,),CCH,CH, + NaOH —*> (CH,),C=CHCH, + CH,—CCH,CH, + H,O + NaBr 


Major Minor 


Provide the IUPAC name for each of the organic compounds illustrated 


in the elimination reactions of this section. 


A liquid alcohol A (C4H3O), when heated in acid, produces a gaseous 
product B. The gas is trapped, then treated with aqueous acid to give a 
different alcohol C. Bromine also adds to compound B to give D, 


C3HgBr;. Deduce the structures of A, B, C, and D, and write the chemi- 
cal equations for each of the reactions. 


C. Substitution 


A substitution reaction occurs when an atom or group supplied by the re- 
agent replaces an atom or group of the reactant molecule. Substitutions can 
take place at saturated or unsaturated carbon atoms. 


CH,CH,Br + =: OH —> CH,CH,OH + :Br:- 


(CH,),CCl + HÓ: — (CH,),COH + На 
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cl 
i ] 
2CH,CH,CH, + 2Cl, М8, CH,CH,CH,—CI + CH,CHCH, + 2HCI 


а 
> 


The first two equations represent very general types of substitution reac- 
tions at a saturated carbon atom. Hydroxy replaces halogen in both cases and 
alcohols are formed. The source of hydroxy groups is different in the two 
reactions. One uses hydroxide and the other water. In the second example, 
one of the hydrogen atoms of water is released as a proton. Acid is generated 
during the course of that reaction. 

The third reaction is more complex: a mixture of isomers is produced. 
Two different hydrogen atoms of the reactant are replaced. Substitution of a 
chlorine atom for a hydrogen atom of one of the terminal methyl groups 
produces one isomer, while substitution for one of the methylene hydrogens 
gives the other isomer. The reaction is promoted by light (Chap. 27) and, like 
reaction number two, generates acid. 

The fourth equation is an example of substitution at an unsaturated 
carbon atom. In Sec. 4-2A examples of addition to unsaturated bonds were 
presented. These two different kinds of reactivity displayed by unsaturated 
compounds, addition and substitution, illustrate the variety of reactions that 
seemingly similar organic compounds can participate in. In subsequent chap- 
ters we will learn how the subtleties of structure account for such differences 
in reaction pathways. 

The preceding three short sections briefly describe the variety of reac- 
tions that organic compounds can take part in. The structural changes that 
take place can be related to a reaction classification. Do any of the atoms 
change from being saturated to unsaturated or the reverse? Are there changes 
in the kinds of atoms present as reactant is converted to product? Have 
changes occurred in the carbon skeleton, that is, in the sequence in which 
carbon atoms are bonded to each other? 


Provide the IUPAC name for each of the organic compounds illustrated 
in the substitution reactions of this section. 


1-Methylcyclohexene when treated with HCl gives A, C7Hı3C1. When 
А is mixed with water, B, C;H440, is slowly formed. Deduce the struc- 
tures of A and B; write the chemical equations involved and indicate 
the operational classification of each reaction. 


110 Characteristic Reactions of Organic Compounds 


PROBLEM 
4-15 


Into what class of reactions does each of the following transformations 
fall: addition, substitution, or elimination? 


а CH,CH,CH,S(CHj), + CH,NH, —> CH,CH,CH,NH,CH, + (CH,),S 
b CH,CH,CH,S(CH,), + OH- > CH,CH—CH, + (СН,),5 + H,O 


с C,H, + HNO, —> C,H,NO, + H,O 
d CH,CH—CH, + СІ, —> CH,CHCICH,CI 

e CH,;CH=CHCH,CO,H ->> CH,CH,CH=CH, + CO, 
f CH,CH—CHBr + OH- -> CH,C=CH + H,O + Br- 


4-3 Oxidation and Reduction 


Oxidation and reduction do not represent a separate class of reactions; 
rather, they represent changes which might accompany addition, elimina- 
tion, or substitution. The terms should be familiar from studies in inorganic 
chemistry, where “oxidation” and “reduction” refer respectively to the loss 
and gain of electrons by an atom or ion. The elementary atom is assigned an 
oxidation state of zero, and then the gain or loss of n electrons is considered to 
be a change in oxidation state of +n. Such an inorganic reduction-oxidation 
(redox) change usually involves the complete transfer of electrons from one 
species to another. 

Organic compounds also undergo redox reactions, but electron transfer 
is often not complete. A change in covalent bonding between atoms of differ- 
ent electronegativities occurs. Let us see how oxidation states are assigned to 
organic molecules. 


Oxidation States of Organic Molecules 


The determination of oxidation states of organic molecules begins with 
the assumption that elemental carbon is in a zero oxidation state. Formation 
of a bond to an atom more electronegative than carbon is called oxidation, and 
bond formation to an atom less electronegative (more electropositive) than 
carbon is called reduction. The rationale for these definitions is that changes 
in covalent bonding involve a lesser or greater degree of electron density at 
the carbon atom. 

Consider the simplest saturated hydrocarbon, methane (СН). The four 
hydrogen atoms are less electronegative than the carbon atom to which they 
are bonded. The carbon therefore possesses a greater degree of the bonding 
electrons to each hydrogen and is assigned an oxidation state of —4. Addition 
of hydrogen to an organic molecule is almost always regarded as a reduction 
process. 

At the other extreme is carbon dioxide (CO;), in which the carbon atom 
has an oxidation state of +4. The carbon atom has four bonds to more-electro- 
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negative oxygen in this compound (O=C=O). Methane and carbon dioxide 
represent the lowest and highest oxidation states for carbon. 

Most of the heteroatoms found in organic molecules are more electro- 
negative than carbon and account for an increase in the oxidation state as they 
bond to carbon. Carbon-carbon bonding involves no difference in electroneg- 
ativity and thus does not account for any change in oxidation state. 

The oxidation state of each carbon atom in a compound can be deter- 
mined by using this electronegativity criterion. We can generalize the ap- 
proach as follows: 


1 The oxidation state of a carbon atom changes by —1 for each bond to a 
less-electronegative atom such as a hydrogen atom. 

2 The oxidation state of a carbon atom changes by +1 for each bond to a 
more-electronegative atom such as a heteroatom. 

3 Double and triple bonds to a heteroatom count two and three times, respec- 
tively. 

4 Bonds between carbon atoms are not counted in the determination of oxi- 
dation state. 


The structures below illustrate the applications of these rules. 


о 
d 
CH,Cly ^ cl, CHCEN HBr CH,- CH CH, 
о +4 -3 +3 e 0 -1 


Calculate the oxidation state of each carbon atom in the following mol- 
ecules: 


a CH,OH d CH,;OCH=CHC=N 


9 ~ OH 
b CH,CCH, e ET 


o N 


2 

с CH,CH,C 
он | 

Е НС=СМНССН,СІ 


В. Redox Reactions 


Hydrogenation, that is, the addition of hydrogen across an unsaturated 
bond (Sec. 4-2A), is a reduction. We can use our criteria for assigning oxida- 
tion states to carbon to confirm this change. 


CH,—CH=CH—CH, + Н, —> CH,—CH,—CH,—CH, 
= ies Wo УЗ c A as 
Total = —8 Total = —10 
Change in oxidation state = —2. 
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Combustion of hydrocarbons is one of the most important oxidation 
processes of organic compounds, for it is a major source of energy. The burn- 
ing of methane (natural gas) accounts for a change in oxidation state at carbon 


of +8. 
CH, + 20, — CO, + 2H;O 
-4 +4 
Methane 


Change in oxidation state = +8, 


In Chap. 1 (Sec. 1-1) we learned of the historical importance of combus- 
tion analysis for establishing the empirical formulas of compounds. The 
method is still widely used. Modern analysts provide accurate data from only 
a few milligrams of sample. Combustion analysis is generally one criterion for 
structure proof when new compounds are reported in the chemical literature. 

A rather interesting oxidation-reduction sequence involves the intercon- 
versions of primary alcohols, aldehydes, and carboxylic acids. The alcohols 
can be oxidized to aldehydes which, in turn, can be oxidized to carboxylic 
acids. Conversely, carboxylic acids can be reduced to aldehydes which can 
subsequently be reduced to alcohols. 


7p и 
CH,CH,CH,OH -9*- CH,CH,C = CH,CH,C 
Red N Red % 
H OH 
-3 22 =1 -3 22 41 -3 -2 +3 
1-Propanol Propanal Propanoic acid 


Secondary alcohols and ketones are interconverted by similar oxidation- 
reduction reactions. 


I» | 
CH,CHCH,CH, [=H CH,CCH,CH, 
=з 0/0 ent Res | 42-2 —3 

2-Butanol 2-Butanone 


When an inorganic oxidizing agent is used to oxidize an organic com- 
pound, the total oxidation-reduction reaction can be balanced in the same 
way as are inorganic redox systems. For example, the oxidation of ethanol to 
acetic acid is readily accomplished by using aqueous chromic acid as the oxi- 
dizing agent. The two half-reactions are 


o 


a 
CH,CH,OH —> СНС 4 4e- 
N 
3 c -3 +3 ОН 
Ethanol Acetic acid 


3e- + H,CrO, —> Cr+? 


The half-reactions are balanced stoichiometrically by using water and 
protons, and then their total electron changes are correlated. 
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3 x (HO + СН.СН.ОН —> CH,CO,H + 4H* + 4е-) 
4 X (3e- + 8H* + СгО2- —> Cr?* + 4Н,О) 
3CH,CH,OH + 20H* + 4СгО?— — ЗСН;СО,Н + 4Cr?* + 13H,O 


Balance the redox equation (shown below) for the oxidation of styrene 
by potassium permanganate in aqueous base. 


OH-/H,O 


| 
C,H,CH—CH, + KMnO, C,H;CCO,H + MnO, 


Styrene 


Consider each reaction in Prob. 4-15 and determine what change in 


oxidation state, if any, takes place at the carbon atoms(s) undergoing a 
change in bonding. 


Summary 


Reactions characteristic of organic compounds involve acid-base reac- 
tions similar to those of inorganic chemistry as well as processes that make or 
break bonds to carbon atoms. Carboxylic acids are the common organic acids. 
They are considerably weaker than mineral acids but do function as proton 
donors in a variety of reactions. Amines are the common bases of organic 
chemistry. Carboxylic acids and amines form salts on reaction with each other 
or with inorganic bases and acids. 

The major bond-forming and bond-breaking reactions of organic com- 
pounds fall into three operational classifications: addition, elimination, and 
substitution. Each of these terms describes a general type of chemical change 
that takes place on a specific molecule. Observation of the structural changes 
that take place during a reaction provides the basis for the reaction classifica- 
tions. 

Oxidations and reductions are not a separate class of organic reactions. 
Rather they reflect the changes in electron distribution that occur during the 
actual reaction at a carbon atom. 


Supplementary Problems 


The complete oxidation (combustion) of acetic acid (ethanoic acid) produces only car- 
bon dioxide and water. In a combustion analysis, 6.0 mg of acetic acid produced 
8.8 mg of carbon dioxide and 3.6 mg of water. Use these data to calculate the empirical 
formula of acetic acid. Is the molecular formula identical to the empirical formula? 
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Into what class of reactions does each of the following transformations fall: substitu- 
tion, addition, or elimination? 
а C,H,SH + C;H,CH;Br —> C,H,SCH,C,H, + HBr 
b Br, + CH,—CH, —> BrCH,CH,Br 
с Br, + (CHj,CH МВ, (CH,),CBr + HBr 
d O—C—O + C,H;Li —> Collar Oral 
Ó 


e H,O + (CH,),C=CH, s (CH,),COH 
Е Zn + C;H,CHCICHCIC;H, —> C;HCH—CHCH, + ZnCl, 


T 
m 
CH 
в CH,j-CH—CH-—CH,4 | “о Bees, ui 
ЄН... с^ solution c 


h Br, + CH, 95, С.Н, Br + HBr 
CN 

NaOH | 
i HCN + CH,CHO 09, cH,CHOH 
j C;H,OH + CH,—CHCN №09, cH. OCH,CH,CN 

450°С 
к CH,CO,CH,CH, 595 > CH,—CH; + CH,COH 
Calculate the total change in oxidation state for the carbon atoms in each of the follow- 
ing reactions: 


а CH, + Cl, —> CH,Cl + HCl 
b CH,CH,CH—CH, + HCl —> CH,CH,CHCICH, 


OH 
CI Qe 
О О 


^ Ж 
d ссн +снон — CHCH; + H,O 
OH 


OCH, 
o, o 
BS VA 
e (5 loy dae; ARCH 
H 


In pure water the hydronium ion and the hydroxide ion concentrations are both 
10-7 mol/liter. Show how these data lead to а pH value of 7 and a pK, value of 15.7. 


The following bases are commonly used in the laboratory: CH3COz Na*, (C)Hs)3N, 
C;H5O^Na*, (СНз)зСО-Ма* ((CeHs).C^Na*. Which of these bases, if any, would suf- 
fice, in each of the following cases, to remove one of the underlined protons to initiate 
a reaction (removal of >50% of one proton)? 


4-24 
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а CH;NH, а (NO,CH, 


b CH,CH—CHCH; e ex-( о 
€ C;H,COCH, f on Ум 


Use energy diagrams to show: 

a That acids with a pK, value greater than zero become more acidic as the free-energy 
difference between acid and conjugate base decreases. 

b That acids with a pK, value less than zero become more acidic as the free-energy 
difference between acid and conjugate base increases. 


Explain why acetic acid behaves as a base in 100% sulfuric acid. 


The energy relations of three hypothetical acids are indicated below: 


a Which acid is the most acidic? 
b Which acid is thermodynamically the most stable? 
€ Which has the most thermodynamically stable conjugate base? 


a Calculate the change in oxidation state at carbon for the conversion of an alcohol to 
an aldehyde and then to a carboxylic acid. Is this an oxidation or reduction se- 
quence? 

О О 


и и 
а аја SIRE He. EER HCC 
^n OH 


b Carry out a similar calculation for the conversion of a secondary alcohol to a ketone. 


eh | 
CH,CHCH, —> CH,CCH, 


a The addition of hydrogen bromide to 2-butene (hydrobromination) produces a sin- 
gle product with a molecular formula С;Н»Вг. Suggest a structural formula for this 
product and give its IUPAC name. 

b The addition of hydrogen bromide to 1-butene leads to two different products 
(C4HsBr) depending on the reaction conditions. The isomers differ only in the posi- 
tion of the bromine atom. Suggest a structure for each product and give the prod- 
ucts’ IUPAC names. 
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The Reaction Mechanism 

А. Nucleophiles and Electrophiles B. Mechanistic Classification 
C. Substrates and Reagents D. Electron Movement E. Reactive 
Intermediates 


Reaction Energetics 

А. Concerted Reactions B. The Transition State C. The Energy 
Profile—Activation Energy D. Multistep Reactions E. The Rate- 
Controlling Step F. An Energy Profile Model 


Reaction Kinetics 
A. The Kinetic Experiment B. Variables 


Summary 


Supplementary Problems 


In Chap. 4 we learned that most organic reactions can be placed in one 
of three classes; addition, elimination, or substitution. Each of these terms 
describes an operation that takes place during the reaction. However, none of 
the designations tells us anything about how the reaction occurs. 

Commonly, the initial interaction that leads to reaction originates in the 
attraction of a site of negative charge in one molecule to a site of positive 
charge in another. Changes result from the movement of electron pairs from 
one atom to another as bonds are formed and broken. At the molecular level 
the essence of such a chemical reaction is charge attraction and electron 
movement. Let us now see how this concept can be used to develop a reaction 
mechanism. 


The Reaction Mechanism 


The detailed, step-by-step description of the pathway by which reac- 
tants are converted to products is known as the reaction mechanism. The 
description includes the movements of electrons which lead to the making 
and breaking of bonds and the spatial relations of atoms through the transfor- 
mations. Ideally, a mechanism should account for both the structural and 
energy changes that occur at every stage of the reaction. 

One can never expect to prove a mechanism because we cannot experi- 
mentally determine every precise detail of a reaction. Often more than one 
pathway for a reaction can be conceived of. We choose the "most reasonable" 
mechanism which is consistent with the available experimental data. Similar- 
ity to closely related chemical processes is commonly one important criterion 
for selection of a reaction mechanism. 


. Nucleophiles and Electrophiles 


The largest group of reactions that we will encounter are treated as ionic 
because their reactants are electron-rich or electron-poor. Reactants may be 
divided into groups related to their electronic character. Those which are 
electron-rich are called nucleophiles ("nucleus loving"), and those which are 
electron-deficient are termed electrophiles ("electron loving"). Nucleophiles 
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are commonly electrically neutral or negatively charged, whereas electro- 
philes are electrically neutral or positively charged. In an ionic reaction a 
nucleophile (Nu:) shares an electron pair with an electrophile (E) in the proc- 
ess of bond formation. 


Nu: +E —> Nu—E 


Nucleophiles are Lewis bases (electron-pair donors), and electrophiles 
are Lewis acids (electron-pair acceptors). It would be possible to describe 
most organic reactions in terms of Lewis acidity and basicity. However, com- 
mon practice at this time is to refer to reactions at carbon atoms in terms of 
nucleophilicity and electrophilicity and to reserve the terms "acidity" and 
“basicity” to describe reactions with a proton. Some important nucleophiles 
and electrophiles are compiled in Table 5-1. 


TABLE 5-1 Common 
Nucleophiles and 
Electrophiles 


Nucleophiles Electrophiles 


HO:- Ht 
Br* 
NO} 

X BF, 

ROH AICI 

SN i 

н.о 


* Halide ions: F7, СІ", Br^, and Г. 


PROBLEM Classify each of the following as a nucleophile or an electrophile: 
5-1 аз эке СН айе КЄМ 


D'HIO ЧС f Lit 


B. Mechanistic Classification 


We now have two criteria for classifying reactions. The first involves 
designation of the operational type of the reaction; that is, designation as an 
addition, elimination, or substitution reaction (Sec. 4-2). The second relates 
to the electronic character of the reagent; its nucleophilicity or electrophilicity. 
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Each of the operational classifications can be combined with an elec- 
tronic classification to describe the overall reaction mechanism. An addition, 
for example, may be described as nucleophilic (nucleophilic addition) or elec- 
trophilic (electrophilic addition). 

This type of classification is particularly valuable for bringing together a 
very large variety of reactions into just a few operationally similar categories. 
And those categories are related to reactivity patterns; the basis for chemistry. 
Thus the carbon-oxygen and carbon-carbon double bonds both can undergo 
addition reactions even though they are parts of different functional groups. 
Reactions can be learned within a few broad categories rather than as a multi- 
tude of specific examples. The predictive power of such an approach is enor- 
mous. 


. Substrates and Reagents 


The organic compound which undergoes structural or functional group 
change is termed the substrate. The second component, often an inorganic 
species, is the reagent which reacts with the substrate. Reaction of hydroxide, 
the nucleophilic reagent, with chloroethane, the substrate, to produce etha- 
nol is an example of nucleophilic substitution. 


HO:- + CH,CH,CI — CH,CH,OH + :@:— 
Nucleophile Substrate 


The reaction of ethanol with propanal provides another example. Etha- 
nol is a Lewis base and a nucleophile because it possesses two nonbonding 
electron pairs on the oxygen atom. The carbonyl group of propanal is polar 
and possesses a partial positive charge at carbon (Sec. 2-3). Identification of 
the structure of the reaction product indicates that the oxygen atom of ethanol 
has added to the carbonyl carbon atom of propanal. Nucleophilic addition of 
ethanol, the reagent, to propanal, the substrate, has taken place. 


о OH 
"s и Ht | 
CH,CH,OH + CH,CH,CO == CH,CH,CHOCH,CH, 
H 
Nucleophile Substrate 
(Electrophile) 


When two molecules or ions undergo reaction, one must be the nucleo- 
phile and the other the electrophile. The designation of substrate and reagent 
becomes very arbitrary for reactions in which organic molecules react with 
one another. Many transformations proceed through two or more steps; this 
means that a decision as to which step will be the basis for classification must 
be made. Classification of a reaction which occurs between the functional 
groups of two organic molecules is usually based on the characteristics of each 
molecule and often a knowledge of the reaction conditions. In subsequent 
sections we will see how common practice usually accounts for such uncer- 
tainty. 
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PROBLEM Mark the substrate and reagent for each of the following transforma- 
5-2 tions. Provide an operational (addition, substitution, or elimination) 
and an electronic (nucleophilic or electrophilic) classification. 


а HO:- + CHBr —> CH,OH + :Br:- 


b H+ + H,C=CH, —> H,C—CH, 


s 
KA % | 
с сн,О:-+С,н,с —À C,H,CHOCH, 
H 
d (CHj;N: + CHI — (CHj4N:T:- 
e :CN- + CH,CH,Br —> CH,CH,CN + :Br:- 


D. Electron Movement 


А chemical reaction is a sequence of bond-breaking and bond-forming 
steps involving bonding and nonbonding electrons. One thing the mechanis- 
tic description of a reaction must do is to account for the movement of those 
electrons. It is common practice to depict electron movement with small 
curved arrows. Convention has the electrons move in the direction of the 
arrow from electron-rich to electron-poor sites. 

Consider the dissociation of a chloride ion from a tertiary carbon atom. 
This is a heterolytic bond cleavage in which the shared electron pair of the 
sigma bond moves from the carbon to the chlorine. The carbon becomes a 
cation and the chlorine an anion. 

Ze — Ae +С: 

Formation of a new bond is depicted in a similar way. Thus, in a reaction 
common to carbonyl groups, the nucleophilic hydroxide forms a bond to an 
electrophilic carbonyl carbon atom. In this example, the synchronous move- 
ment of a bonding electron pair from carbon to oxygen to avoid exceeding the 
electron octet is shown by a second curved arrow. 


HO zm t тнл О 
Curved arrows are also used to show the movement of electrons within 
a molecule. 
е 


The examples above depict movement of electron pairs. That type of 
electron movement often creates and destroys charges on atoms. Another 
type of electron movement involves single electrons and is represented by 
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half-headed arrows. Homolytic cleavage and related bond-forming free- 
radical reactions are examples of such single electron movements. 


б у-у 


Sean DD 
S Н —э сн 


Use curved arrows to show electron movement in the transformations 


of Prob. 5-2. 


E. Reactive Intermediates 


In a laboratory synthesis, one product may be prepared, isolated, and 
purified, then used as the starting material for a subsequent step in the total 
sequence. Such products are often referred to as synthetic intermediates. 
They are stable products formed during a multistep synthesis. 

Another type of intermediate of importance in developing a reaction 
mechanism are the short-lived unstable intermediates which form on the 
pathway from starting materials to stable products. These species are not 
isolated. Though a few unstable intermediates have been detected spectro- 
scopically under special conditions or in some cases trapped chemically, their 
existence is commonly inferred from indirect evidence. 

There are three important short-lived intermediates commonly consid- 
ered in organic reaction mechanisms. The carbanion is a negatively charged 
carbon atom. Carbanions derived from saturated carbon atoms are believed to 
have a tetrahedral configuration. The electron pair is presumed to occupy one 
lobe of an sp? hybrid orbital (Sec. 2-6A). 


S 9 


C А аа. 
7 O 
A carbanion 


A carbocation is a positively charged carbon atom. Most carbocations 
are tricoordinate and possess a planar geometry. The orbital description of 
carbocations depicts the three sp? hybrid orbitals in a plane (Sec. 2-6B) with an 
empty p orbital perpendicular to the plane. 


А carbocation 


The nomenclature of ions with positively charged carbon atoms is un- 
dergoing a change. Until the early 1970s these species were known as carbo- 
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nium ions, but the name does not follow the usual pattern of “onium” ion 
nomenclature. The term "carbenium ion” is probably more systematic, but it 
has received limited support. The term carbocation avoids any systematic 
conflicts and is consistent with the well-accepted name for the related anion, a 
carbanion. We will use the name “carbocation” throughout this textbook. 

Carbon-centered free radicals are the third important class of intermedi- 
ates. They are species in which a carbon atom possesses an unshared elec- 
tron. The chemistry of carbon radicals suggests that the radicals have a planar 
or a rapidly inverting tetrahedral geometry. 


Q p 


отш. = COC 
d 5 


А carbon free radical 


A fourth interesting—though less common—mechanistic intermediate 
is the carbene. Carbenes are highly reactive intermediates possessing a 
dicoordinate carbon atom. The carbon atom of a carbene has only six elec- 
trons, but no formal charge. Carbenes exist with two different configurations 
of their nonbonding electrons. One, known as a singlet carbene, has the 
electron spins paired and the other, a triplet carbene, has nonpaired electron 
spins. Both forms of carbene bond to two atoms in a nonlinear manner. 

ing tars 

Singlet Triplet 

A carbene 


Reaction Energetics 


The various factors that ultimately control a chemical reaction are repre- 
sented in the reaction energetics. In Chap. 4 we learned about the thermody- 
namic parameters involved in acid-base equilibria. We will now consider the 
factors that control the most common nonequilibrium organic transforma- 
tions. 


. Concerted Reactions 


Reaction between chloromethane and hydroxide ion produces methanol 
and chloride ion by a process which we describe as a nucleophilic substitu- 
tion. Curved arrows (Sec. 5-1D) show an electron pair from the hydroxide 
oxygen atom forming a new bond to carbon while the chlorine atom departs 
as an anion with the electron pair of the initial carbon-chlorine bond. This 
synchronous bond making and breaking at carbon is required if we are to 
avoid a mechanistic description that exceeds the electron octet on carbon. 
Reactions in which bond making and bond breaking occur at the same time 
are known as concerted reactions. 


HO:44 сн, = CH,OH + :@:- 
Chloromethane Methanol 
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B. The Transition State 


The equilibrium constant for the reaction of hydroxide with chlorometh- 
ane has been estimated to be near 10/5, which indicates that the reaction 
should be a very favorable exergonic process. Yet a dilute solution of chloro- 
methane in aqueous base requires weeks to approach the position of equilib- 
rium. A favorable equilibrium constant is not sufficient to guarantee a rapid 
reaction. 

Many factors must blend together if a reaction is to take place. Reactants 
must first have adequate energy to collide. But collision alone is not sufficient 
if reactants do not come together in an orientation favorable for reaction. 
Collision of the hydroxide oxygen atom with the chlorine atom of chlorometh- 
ane would do little toward forming the carbon-oxygen bond of methanol. 
Proper collision orientation is an important factor in determining the proba- 
bility of reaction. 

Reaction still may not occur even when reactants collide with the proper 
orientation. The system must have sufficient energy to break the bonds un- 
dergoing change. 

The configuration of reactants in which all the stringent requirements 
for an effective collision аге met is commonly known as the transition state (or 
activated complex), a hypothetical description of the atoms at the point of 
highest energy along the reaction pathway. Transition states cannot be iso- 
lated or detected. By contrast, intermediates (Sec. 5-1E) are capable of detec- 
tion and in some cases even isolation. 


C. The Energy Profile—Activation Energy 


It is common to represent the energy-structure relations for a reaction on 
an energy profile diagram. Energy is plotted along the vertical axis, and a 
parameter known as the reaction coordinate is plotted horizontally. The reac- 
tion coordinate represents changes in geometry that occur as the reaction 
proceeds. Figure 5-1 depicts the energy profile diagram for the formation of 
methanol from chloromethane. 

The energy profile diagram shows that energy must be added to the 
reactants in order to attain the transition state. This energy, the difference 
between the average free energy of the reactants and of the transition state, is 
known as the free energy of activation AG*. It is this activation energy that 
governs the rate of a chemical reaction. Typical organic reactions have activa- 
tion energies of 10-50 kcal/mol (40-200 kj/mol). 

In the laboratory one usually measures a somewhat different energetic 
barrier to reaction, the Arrhenius activation energy E,. Values of Arrhenius 
activation energies are telated to the enthalpies of activation, АН“, by the 
equation 

E, = АН" + RT 


Enthalpies of activation are related to free energies of activation AG* by 
the equation 


АС? = AHt — TAS* 


In many cases the value of E, is an acceptable approximation of АСУ. 
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FIGURE 5-1 
Energy profile 
diagram for the 
conversion of 
chloromethane 
to methanol. 


PROBLEM 


5-4 


HO at 
a— 2 2 5 
но----6-———0 
H 


Transition state 


CH3Cl + HOT 
(Reactants) 


Energy 


CH30H + СГ 
(Products) 


Reaction coordinate 


Parameters related to the transition state are usually designated by a 
double dagger (1). The standard free energy of the reaction AG?—the differ- 
ence in energy between reactants and products—is also shown on the energy 
profile diagram. 


a Calculate the approximate value of RT at typical room temperature 
(20°С). 


b Discuss the importance of differences between E, and АН? in rela- 
tion to your answer in part a. 


D. Multistep Reactions 


The reaction of hydroxide and chloromethane is a one-step, concerted 
reaction. One energy maximum, the transition state, is shown on the energy 
profile diagram. 

The mechanistic description of some reactions involves more than one 
step. For example, nucleophilic substitution of chloride by hydroxy in the 
tertiary haloalkane 2-chloro-2-methylpropane (tert-butyl chloride) is a two- 
step reaction. The first step is the heterolytic cleavage of the carbon-chloride 
bond to form an unstable carbocation intermediate. This high-energy inter- 
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mediate then reacts with water, the nucleophile, in a rapid second step to 
produce the protonated product. 


снос là: = (CH,),Ct + :@:- 
uj 
pistes а Я 
(CHj,C + Он, = (CH,),C—OH, 
A 


The energy profile diagram (Fig. 5-2) shows two energy maxima, the 
transition state associated with formation of the carbocation and the transition 
state for formation of the new carbon-oxygen bond. Between these two max- 
ima is an energy well corresponding to the unstable carbocation intermediate. 


FIGURE 5-2 
Energy profile 
diagram for a 
two-step reaction 


PROBLEM 
5-5 


Transition states 


i 


i 


| 
Intermediate 


Energy 


Reactants 


Products 


Reaction coordinate 


The Rate-Controlling Step 


The rate at which a reaction proceeds depends, in part, on the various 
factors discussed in the preceding sections. On an energy profile diagram the 
step involving formation of the highest-energy transition state is designated 
as the rate-controlling step (r.c.s.). For the reaction of chloromethane with 
hydroxide the single step must be the rate-controlling step (Fig. 5-1). In the 
two-step reaction depicted by Fig. 5-2, the first step is rate-controlling. 


Draw energy profile diagrams which represent the following reaction 
sequences. Label AG?, АС, transition states, and intermediates. 


a A two-step reaction which involves an unstable intermediate and in 
which the second step is rate-controlling. 


b A three-step reaction in which the second unstable intermediate is 
more stable than the first and in which the second step is rate- 


controlling. 
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F. An Energy Profile Model 


The energy model for a chemical reaction is analogous to the way we 
might view the physical problem of climbing over a mountain pass from one 
valley to another. Suppose that a large number of people trapped in one 
valley wish to migrate to the other valley. To do so, they have to climb to the 
top of a pass between the two valleys. The migrants’ leader chooses the path- 
way which is most favorable for the group to ascend. The rate of migration 
depends upon the rate at which people arrive at the top. Only the strongest 
migrants have sufficient energy to make the climb. Others begin the climb but 
are forced to return to the point of origin when their energy is expended. 
Even some of the strongest may not accomplish the migration because they 
choose an unfavorable pathway. 

We can often use the concept of an energy profile to provide some idea 
of the configuration of the transition state. Consider formation of a carbocat- 
ion intermediate. The process is usually a highly endergonic step in a reac- 
tion because a bond to carbon must be broken. As the reaction proceeds, we 
can envision a stretching of the bond which will cleave. Bond breaking is 
heterolytic, and the carbon atom develops a partial positive charge; that is, it 
begins to look like a carbocation. The final stage in the process requires only a 
slight additional separation of the atoms to form the carbocation and its asso- 
ciated anion. Although we cannot isolate or trap the transition state, it seems 
reasonable to assume that the configuration of the transition state leading to 
carbocation formation looks very much like the carbocation intermediate itself 
(Fig. 5-3). 

Energy profile diagrams represent only two-dimensional cross sections 
of rather complex energy surfaces associated with chemical reactions. Though 
crude, they provide a simple qualitative picture of energy-structure relations 


FIGURE 5-3 
Proposed atom 
configurations 
along the path- 
way of carbocat- 
ion formation 

(6 = partial 
charge; — = 
partially broken 
bond). 


Reaction coordinate 
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during the course of a transformation. We will find them useful throughout 
our considerations of reaction mechanisms. 


Draw the configuration of atoms and bonds expected for the transition 


state of the reaction of hydroxide with chloromethane. 


Reaction Kinetics 


The study of reaction rates is called kinetics. Kinetics is a powerful tool 
for studying reaction mechanism, since it provides a measure of reaction rates 
and an indication of the number and nature of molecules involved in the 
rate-controlling step. 


. The Kinetic Experiment 


Kinetic experiments are carried out at precisely controlled temperatures 
and often with accurately measured reactant concentrations. As the reaction 
proceeds, the decrease in reactant concentration or increase in product con- 
centration is determined in relation to elapsed time. These data are incorpo- 
rated into a mathematical expression known as the rate equation. The rate 
equation relates rate to concentrations (or, more precisely, activities) through 
а proportionality constant, the specific rate constant К. 


Rate = k[A][B] - - - 


Dependence of the rate on reactant concentration determines the order 
of the reaction. In a first-order reaction, the rate varies in relation to the 
concentration of only one reactant. The rate is proportional to the concentra- 
tion of two reactants, or the square of the concentration of one reactant, in a 
second-order reaction. 

When the experimental kinetics shows these simple dependencies, we 
may usually deduce that, at a molecular level, only one molecule goes to the 
transition state in a first-order reaction and two combine to give the transition 
state of a second-order reaction. These deductions about the molecular in- 
volvement are called the molecularity of the reaction. The most common 
kinetic situations are tabulated in Table 5-2. 


TABLE 5-2 Kinetic Observations and Common Mechanistic Deductions 


Kinetic Observation Mechanistic Deduction 
Rate Expression Order Molecularity Probable Reaction 
k[A] First 1 A— t 
k[A][B] Second 2 А-В — { 
КАТА] 


or [AP Second 2 2A — t 
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PROBLEM 


5-7 


PROBLEM 


5-8 


The specific rate constant, k, for a first-order reaction can be calculated 

from the equation 
Co 
In С, kt 
where C, — initial concentration of substrate 
C, = concentration of substrate at time t 

Ina typical kinetic experiment for a first-order reaction C, is measured initially 
or by a subsequent indirect method. Values of C, are determined at a series of 
times as the reaction proceeds. The value of k, expressed in units of inverse 
time (КЇ), is the slope of the line obtained by plotting In (C,/C,) versus time. 

It is important to note that rate and rate constant are not the same. The 
rate of a reaction is a measure of the amount of materials that react in a given 
time period. The rate constant is a number for a specific reaction under spe- 
cific conditions, which relates the concentration of reactants to the rate at 
which they are consumed. 


The half-life of a reaction is the time at which one-half of the reactants 
have been consumed. For a first-order reaction, the half-life is depend- 
ent only on the specific rate constant and independent of the initial 


concentration of the reactent. Solve the equation presented above for 
the relation between К and f at the half-life (#12) of a first-order reac- 
tion. 


Kinetic studies apply to a reaction only up to the rate-controlling transi- 
tion state. For example, the nucleophilic substitution reaction between water 
and 2-chloro-2-methylpropane (fert-butyl chloride; Sec. 5-2D) is a first-order 
reaction. The rate is dependent only on the concentration of the haloalkane. It 
is the carbon-chlorine bond that breaks in the rate-controlling step. The nu- 
cleophile, water, does not enter the rate equation although it is an important 
part of the overall mechanistic description. 


The energy profile diagram for the hydrolysis of 2-chloro-2-methylpro- 
pane (Fig. 5-2) shows two steps with the first being rate-controlling. We 
can represent the first step by rate constant К; and the second Бу kz. 


a Use relative activation energies from the diagram to estimate which 
rate constant has the greater value. 


b From your answer in part a, show why the first step has the slower 
rate. 
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B. Variables 


Changing the temperature is a simple way to alter the rate of a chemical 
reaction. An increase in temperature increases the kinetic energy of mole- 
cules, and more collisions occur. There is also a higher probability that collid- 
ing molecules will have sufficierit energy to react. Figure 5-4 illustrates how 
the average energies of molecules change with temperature. For a particular 
reaction with activation energy AG}, a greater number of molecules will have 
sufficient energy to surmount the energy barrier as the temperature increases. 

A catalyst enhances reaction rate by decreasing the activation energy. 
Solvents may increase or decrease the rate of a reaction depending on their 
effect on reactant or transition state. Reactions in which ions are generated 
usually proceed more rapidly in polar solvents because the ionic transition 
state is stabilized by favorable dipolar interactions. 

Many factors must be considered in developing a mechanistic descrip- 
tion. Products and side products must be identified. In many cases reaction 
intermediates can be detected. Changes in configuration about atoms as the 
reaction proceeds (stereochemistry, Chap. 6) can be a very important indica- 
tion of reaction pathway. In the end mechanistic conclusions are only as good 
as the experimental data upon which they depend and the logic by which the 
mechanistic description is developed. 


FIGURE 5-4 
Relationship of 
average energy 
to temperature, 
where 

T,» T,» T, (area 
under each 
curve represents 
total number of 
molecules). AG 
is the activation 
energy for a re- 
action. 
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Summary 


A reaction mechanism is the step-by-step description of the bond- 
making and bond-breaking processes that occur during a reaction. A mecha- 
nism includes structural changes that take place and reaction intermediates, 
and must be consistent with the experimental data. The movement of elec- 
trons in the bond-making and bond-breaking processes is depicted by curved 
arrows pointing from the electron source to the electron terminus. 

The mechanism describes the electron-rich reactant, a Lewis base, as the 
nucleophile and the electron-poor component, a Lewis acid, as the electro- 
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5-5 


5-10 


5-11 


phile. These electronic characteristics of the reactants are combined with the 
reaction class to give a general description of the reaction—i.e., nucleophilic 
addition, electrophilic substitution, etc. 

Reactions typically take place in a single step or multiple steps. The 
energetics of each step are represented on an energy profile diagram. One 
step is rate controlling and can be experimentally measured by a kinetic ex- 
periment. The transition state of each reaction step represents a hypothetical 
description of reaction components at the high-energy point of that step. 


Supplementary Problems 


Draw an energy profile diagram for an exergonic, three-step reaction in which the first 
intermediate is more stable than the second and the second step is rate-controlling. 
Label AG?, АС, and the positions of transition states and intermediates. 


Provide an operational (addition, substitution, or elimination) and an electronic (nu- 
cleophilic or eléctrophilic) classification for each of the following reactions: 

а HO:~ + CH,CH,Br —> CH,CH,OH + :Br:- 

b HO: + (СНУ, Са: —> CH,=C(CH,), + HO + :Cl:- 


Qm 
о о 


Ф 2 2 
d (СНУЬМН + сыс = єнє + на 
cl N(CH,), 


о он 
z 2 | 
e GH,OH + СНС — С;н;СНОС,н, 
н 


N 
Е Br* + HjC—-CH;.— H,C——CH, 
o о 
g HO + (CH), CHCH,CÀ PUN (CH) CHCH,C 
осн, OH 


в :1:- + CH,CH,Cl —> CH,CH,I + :@:- 


+ CH,OH 


a Draw an energy profile diagram for the sequence A — B —» C —> D by 
using the energy values for each step given below. 

b Mark the positions of A, B, C, and D on your diagram. 

c Indicate the rate-controlling step in the sequence. 


5-12 


5-13 
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d Determine the value of free energy AG" for the sequence and the free energy of 
activation AG. 


AG’, kcal/mol = AG?, kcal/mol 
А —э В 10 20 


вс 5 15 
C— D —10 5 


Use curved arrows to show electron movement in each of the following transforma- 
tions: 


a Вг: C H,CHJ —> CH,CH,Br + :1:- 


о :ORS 
pA 2 | 
b CHÖH + сн) — Снн 
^н HOCH, 
i pu pH 
с HO + (CHj,CHC ——› (CH,),CHC—OCH, 
PE н,» 


d Br, + CH,CH—CH, —> C,H,CHCHyBr + : Вг: - 
е (CH,),CBr — (CH,),Ct + :Вг:- 
с 
f HO:-4 CH,CHCH, — CH,=CHCH, + H,O + :Cl:- 


The commonly accepted mechanism for substitution of a nitro group on an aromatic 


ring is 
N H 
NO, 
) T.C.S. NO, Fast 1 
Tid Wists +H+ 


Assume that the product nitrobenzene is more stable than the starting material. 
Draw an energy profile diagram for this reaction. 

Mark any transition states in the diagram with E 

Mark any intermediates with I. 

Draw the structure(s) of any intermediate(s) and show where they are on the en- 
ergy diagram. 

Indicate the free energy of activation ДС? on the diagram. 

Indicate the free energy AG? of the reaction on the diagram. 


Ox 
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6-1 


In Chap. 2 we learned that a specific molecular formula might corre- 
spond to more than one chemical compound. Differences in the sequence of 
covalently bonded atoms give rise to structural isomers which possess differ- 
ent physical properties and are given different names. We were able to depict 
the isomers with simple two-dimensional representations. 

We also learned that the bonds which extend from an atom do not neces- 
sarily lie in a common plane (Sec. 2-6). Molecules are actually three-dimen- 
sional entities. In this chapter we will see that the relative orientation of atoms 
in space can have a significant influence on the properties of their com- 
pounds. 

Compounds which have the same molecular formula and the same se- 
quence of covalently bonded atoms, but different spatial orientations of those 
atoms, are known as stereoisomers. Stereoisomers are divided into two main 
classes. Those that interconvert easily at room temperatures through rota- 
tions about single bonds are known as conformational stereoisomers. Stereoi- 
somers which interconvert only with difficulty under normal conditions and 
thus can be separated are known as configurational stereoisomers. Intercon- 
version of configurational stereoisomers usually involves a bond-breaking 
process. 


Representations of Three-Dimensional 
Molecules 


Molecular Models 


Since it is important to represent three-dimensional molecules for visual 
inspection in two dimensions, chemists have devised various molecular mod- 
els as well as a set of conventions for perspective pictorialization. The availa- 
bility of a set of molecular models is an invaluable aid in visualizing the inter- 
actions between atoms. Even the most experienced chemist makes frequent 
reference to models in order to clarify questions of molecular structure. 

The models are of two kinds: those which show only the framework 
(bonds and nuclei) and those which show the full bulk of each atom, so-called 
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FIGURE 6-1 
Framework 
model of 
2-hexenoic acid. 


space-filling models. Inexpensive framework models are of enormous assist- 
ance in visualizing the spatial relations of atoms and bonds in molecules. 
Space-filling models have some value for determining the strain associated 
with compression of nonbonded atoms, but they do not show the skeleton 
clearly. Ball-and-stick models are a combination of the framework and space- 
filling types. Examples of these models are shown in Figs. 6-1 through 6-3. 

Although they are so helpful in visualizing molecules, models can be 
deceptive. As we learn more about the responses of real molecules to defor- 
mation forces, we will recognize that models do not respond in parallel ways 
and thus can give users false impressions about molecular strains. In general, 
models are too stiff in resisting angle bending and too loose in rotation about 
single bonds, and the space-filling variety are inflexible in responding to com- 
pressions of nonbonded atoms. Rarely will any model fall into the correct 
conformation by itself, as does the molecule it represents. 


FIGURE 6-2 
Space-filling 
model of 
2-hexenoic acid. 
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FIGURE 6-3 


"Ball-and-stick" 


model of 
butane. 


B. Two-Dimensional Representations 


Since our major method of communication is on paper, chalkboard, or 
computer monitor—two-dimensional surfaces—various graphic methods 
have been developed to depict three-dimensional orientations within mole- 
cules. Probably the most common representation is the wedge formula. A 
solid wedge represents a bond projecting above the plane of the paper and a 
broken wedge a bond below the plane. Solid lines are bonds in the plane 
(Fig. 6-4a). 

Another common way to represent the three-dimensional molecule is 
with a sawhorse formula. The molecule is viewed from slightly above and to 
the side of one carbon-carbon bond. All bonds are drawn as straight lines, so 
that the angular representation provides a graphic three-dimensional per- 
spective picture (Fig. 6-4b). 

A third approach, known as the Newman projection, involves a view of 
the molecule directly down a carbon-carbon bond axis. The front carbon 
atom is represented by a central point from which the bonds emerge. The rear 
carbon atom is depicted as a circle from which the bonds connected to that 
carbon emerge. When drawing a Newman projection, it is important to 
clearly terminate bond lines of the rear carbon atom at the perimeter of the 
circle (Fig. 6-4c). The relations of these representations to molecular models 
are shown in Fig. 6-4d and Fig. 6-4e. 

Other representations of three-dimensional molecules are also utilized 
by chemists. Fischer projection formulas (Sec. 6-5G) frequently are used to” 
represent carbohydrates and amino acids. Various types of line drawings are 
used to represent structural information derived from spectroscopic data such 
as x-ray diffraction. 
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FIGURE 6-4 H 
Representations 
of ethane: (a) 
wedge, (b) saw- 
horse, (c) New- 
man projection, 
(d) ball-and- 
Stick molecular 
model, (e) H 
space-filling (a) (b) 
molecular 
model. 


(c) (4) 


(е) 


Molecular models and three-dimensional formulas are important tools 
for the chemist. Students should carefully study the relations between the 
various representations and molecular models in order to appreciate more 
fully the spatial interactions which occur among atoms and molecules. 


* PROBLEM Draw a wedge, a sawhorse, and a Newman projection formula for one 
6-1 stereoisomer of 2,3-dichlorobutane. 
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A. Restricted Rotation about Single Bonds 


Rotations of the atoms of a molecule around the axis of most single 
bonds is relatively rapid. That is not surprising, for our orbital picture of a 
sigma bond (Sec. 2-5B) suggests no basis for hindered rotation. A carbon- 
carbon single bond involves the combination of two sp? hybrid orbital lobes. 
The resulting molecular orbital accommodates two electrons and has an ap- 
proximate cylindrical symmetry of electron density around the carbon- 
carbon bond axis. 

Newman projection formulas allow us to follow the changes in molecu- 
lar geometry that take place during rotation of the methyl hydrogen atoms 
around the carbon-carbon bond axis of ethane (Fig. 6-5). The spatial relation 
that obtains when the dihedral angle (the angle observed between C—H 
bonds on the adjacent carbon atoms as one looks down the C—C bond) is 60° 
is known as a staggered conformation (Fig. 6-54). 

As the methyl groups rotate 60° relative to each other, the dihedral angle 
between C—H bonds on adjacent carbon atoms becomes 0° (or 120°). Each 
carbon-hydrogen bond on one carbon atom is at its closest approach to one 
carbon-hydrogen bond on the other carbon atom. This spatial arrangement is 
known as an eclipsed conformation (Fig. 6-55). The arrangements of atoms 
obtained by rotation around the carbon-carbon bond are often referred to as 
rotamers or conformers. 

Although rotation around single bonds is rapid, experimental data ini- 
tially reported in the 1930s demonstrate that there is a very small barrier to 
rotation around the carbon-carbon sigma bond of simple acyclic molecules. 
For ethane, that barrier is calculated to be 2.9 kcal/mol (12.1 kJ/mol) for the 
120° rotation of one methyl group relative to the other. That is, approximately 
1 kcal/mol (4.2 kJ/mole) is required for each of the three C—H bonds to be 
eclipsed. 

The experimental observation that rotation around the carbon-carbon 
sigma bond of ethane is not completely free presents the question of what is 
inhibiting the motion. Actually, the question has never been answered com- 
pletely. It seems clear, however, that at least some of this inhibition is due to 
small repulsive interactions between the carbon—hydrogen bonds on adjacent 


FIGURE 6-5 

(a) Staggered 
and (b) eclipsed 
conformations of 
ethane dihedral 
angles. 


H H H H 
ial 
H H г: 
H н 
Staggered Eclipsed 


(a) (b) 
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carbon atoms. Repulsive interaction between bonds on adjacent atoms which 
results in restricted rotation is known as torsional strain. 

The magnitude of the energy associated with torsional strain in simple 
molecules is small, normally less than 5 kcal/mol (21 kJ/mol). At room temper- 
ature thermal energy is sufficient to promote processes with energy barriers 
below 15-20 kcal/mol (60-80 kJ/mol)—more than sufficient to overcome the 
small torsional strains of these molecules so that interconversion of potential 
isomeric forms is rapid. We will refer to such readily interconvertible struc- 
tures as conformations and the compounds they represent as conformational 
isomers. 

The energy changes associated with conformational rotation in ethane 
are represented in Fig. 6-6. The minimum in torsional energy occurs in the 
staggered conformations when the carbon-hydrogen bonds of one methyl 
group are as far as possible away from those of the other methyl group. The 
maximum in torsional energy occurs in the eclipsed conformations. 


FIGURE 6-6 
Energy relation- 
ships for ethane 
conformations. 


kJ/mol 


Relative energy, kcal/mol 


0 60 120 180 240 300 360 
Dihedral angle, degrees 


Rotation about the central carbon-carbon bond of butane illustrates a 
different kind of spatial relation and the associated torsional strains that can 
arise. As one side of the molecule rotates through 360° relative to the other, 
three eclipsed and three staggered conformations are encountered (Fig. 6-7). 
However, we now see a combination of methyl-methyl, methyl-hydrogen, 
and hydrogen-hydrogen torsional repulsions as the groups rotate. 

The staggered rotamer in which methyl groups are farthest apart 
(Fig. 6-7a) is known as anti (or trans) and js the most stable conformation. The 
staggered rotamers with adjacent methyl groups (Fig. 6-7c, e) are the gauche 
conformations. Though the two gauche conformations are equal in energy, 
they are not identical molecules; they are mirror images of each other. We will 
consider the relations of mirror image molecules in Sec. 6-4A. 

The torsional repulsive forces due to interactions between bonds on ad- 
jacent atoms are similar in each case. There are, however, additional repul- 
sions between the substituent groups as a result of spatial interactions be- 
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FIGURE 6-7 
Conformations of 
butane. 
(Eclipsed confor- 
mations are 
slightly stag- 
gered only for 
convenience in 
drawing.) 


PROBLEM 
6-2 


CH, H CH. 
H. H 
: ^ = 
H H H 
CH, 3 


Anti-staggered Eclipsed Gauche-staggered 
(a) (b) (c) 
CH. 
CH, CH; т 
ро 
H CH, 
H 3 
H H H H HU H 
H 
Eclipsed Gauche-staggered Eclipsed 
(d) (e) (f) 


Draw sawhorse and wedge representations for butane conformations a, 


b, с, and d in Fig. 6-7. 


tween atoms: the so-called steric effects. Such spatial interactions of atoms 
not bonded to each other are known as nonbonded repulsions. Taking the 
example of butane, the nonbonded repulsion energy associated with a 
methyl—methy] interaction is greater than that of a methyl-hydrogen interac- 
tion, which, in turn, is greater than that of a hydrogen-hydrogen interaction. 

The anti-staggered conformation (Fig. 6-7a) is considered to have the 
lowest conformational energy and thus is the most stable. It is assigned the 
value of zero on a relative scale. As rotation about the central carbon-carbon 
bond takes place, a conformation is attained in which eclipsing occurs be- 
tween hydrogen atoms and methyl groups (Fig. 6-7b). The combination of 
torsional strain and nonbonded repulsions accounts for an unfavorable en- 
ergy value of 3.8 kcal/mol (15.9 kJ/mol). 

As rotation continues, the gauche-staggered conformation is attained 
(Fig. 6-7c). This conformation is of lower energy than the preceding eclipsed 
form, but higher in energy than the anti-staggered conformation with methyl 
groups furthest apart (Fig. 6-7a). The least favorable conformation is that in 
which methyl groups are eclipsed (Fig. 6-7d). Eclipsed conformations (Fig. 
6-7b, d, and f) are energetically unfavorable and are generally considered only 
as transitional orientations between staggered forms. Relative energies for the 
rotation of butane are depicted in Fig. 6-8. 

Although the rotational barriers about most single bonds are so small 
that essentially free rotation occurs at room temperature, differences in aver- 
age rotamer populations do result. Butane is calculated to exist approximately 
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FIGURE 6-8 
Energy relation- 
ships for butane 
conformations. 
(Letters refer to 
structures of 
Fig. 6-7.) 


PROBLEM 
6-3 


PROBLEM 


6-4 


Relative energy, kcal/mol 
kJ/mol 


180 120 60 0 60 120 180 
Methyl-methyl dihedral angle, degrees 


70 percent in the anti form and 15 percent in each of the gauche forms at 25°C. 
In subsequent chapters we will see that small differences in rotamer popula- 
tions can markedly influence chemical reactivity. 


Draw Newman projection formulas for the three staggered and three 


eclipsed conformations of propane. Relate each structure to a point ona 
graph of energy versus dihedral angle. 


Draw a diagram of energy versus dihedral angle for rotation about the 
carbon-carbon single bond of 1,2-diphenylethane. Comment on the 


differences between this energy diagram and that for propane drawn in 
Problem 6-3. 


6-3 Conformations of Cyclic Compounds 


The ring structures of cycloalkanes place additional constraints on mo- 
lecular conformation. Motion is more restricted than that found for acyclic 
molecules, and in some cases leads to increased nonbonded repulsions. Addi- 
tional strain can be associated with deformation of the bond angles of the 
cyclic skeleton. 

Actually, some of the structural constraints associated with cyclic mole- 
cules provide a point of reference from which other aspects of molecular 
geometry can be studied. Cycloalkanes have proved to be fruitful compounds 
with which to investigate many questions of spatial interactions. Odd Hassel 
and Derek Barton received the Nobel prize for chemistry in 1969 in recogni- 
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tion of their pioneering work on conformational analysis of cycloalkanes and 
other types of compounds. 


. Angle Strain 


If we think of the shapes of cycloalkanes as simple geometrical figures, 
i.e., cyclopropane as a triangle or cyclobutane as a square, we immediately 
conclude that some bond angles will probably be unusual when compared to 
bond angles observed for acyclic molecules (Sec. 2-7). Cyclopropane, for ex- 
ample, must have 60* bond angles to possess the shape of a regular triangle. 

In 1885 Baeyer proposed a theory of angle strain for cycloalkanes in 
which the difference between a tetrahedral angle (109.5°) and the internal 
angle of the appropriate polygon is used as a measure of molecular stability. 
Cyclopropane would, he suggested, have angle strain related to the differ- 
ence between 109.5? and 60°. Cyclopentane would be essentially strain-free 
(109.5° — 108°), whereas larger cycloalkanes would possess an increasing de- 
gree of Baeyer angle strain. 

The Baeyer theory is not, however, consistent with experimental meas- 
urements. Although small cyclic compounds do show the effects of angle 
strain, cycloalkanes larger than cyclopentane show only a small increase in 
strain energy, and very large cyclic molecules actually become almost strain- 
free. The problem lies in Baeyer's simple assumption that the rings are flat 
polygons. 

The best way to measure relative angle strain energies of cycloalkanes is 
by comparison of heats of combustion. We assume that the heat released on 
combustion of a hydrocarbon to give carbon dioxide and water is a measure of 
the bond energies plus any energy associated with molecular strain. 


(CH5),— + 1.5nO2 > пСО + nH;O 


The standard to which the data are compared is the heat of combustion 
of cyclohexane (Sec. 6-3B), 156.1 kcal/mol (652.7 kJ/mol) per —CH»— group. 
Table 6-1 gives the heats of combustion for some cycloalkanes and indicates 
the associated strain energy along with the older Baeyer angle strain predic- 
tion. 

We see that only Сз and Сл rings have large angle strain. In medium-size 
rings (Cs through С) angle strain is moderate, and large rings show only 
small strain energies. Though we often draw cyclic compounds as if they 
were planar geometric figures, the data of Table 6-1 clearly show that their 
structures are not quite that simple. 


. Cyclohexane 


Cyclohexane, an industrial solvent, is synthesized commercially by the 
hydrogenation (reduction) of benzene. Benzene is readily available from 
crude petroleum and its refining processes. 


OE Catalyst [ay] 
2 
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TABLE 6-1 Heats of Combustion and Relative Strain Energies for Cycloalkanes. 
Heats of Combustion, 


Ring Baeyer Angle kcal/mol (kJ/mol) Strain per —CH;—* 
Cycloalkane Size Strain, ^ Total Per —CH,— kcal/mol (kJ/mol) 
Cyclopropane 3 49.5 499.9 (2090) — 166.6 (696.5) 10.5 (43.8) 
Cyclobutane 4 19.5 650.2 (2718) 162.6 (679.5) 6.5 (26.8) 
Cyclopentane 5 1.5 786.6 (3288) 157.3 (657.5) 1:2 (4.9) 
Cyclohexane 6 10.5 936.9 (3916) 156.1 (652.7) 0 (0) 
Cycloheptane 7 19.1 1108.1 (4631.9) 158.3 (661.7) 2.2 (9) 
Cyclooctane 8 25.5 1268.9 (5304) 158.6 (663.0) 2.5 (10.3) 
Cyclodecane 10 34.5 1586.1 (6629.8) 158.6 (662.9) 2:5 (10.2) 
Cyclopentadecane 15 46.5 2362.5 (9875.3) 157.5 (658.4) 1.4 (5.7) 


* Relative to cyclohexane 


Benzene is a planar molecule with carbon-carbon bond angles of 120° consist- 
ent with assignment of sp* hybrid orbitals (Sec. 2-6B). The carbon-carbon 
bond lengths are identical (1.40 А). Benzene can accurately be represented as 
a regular hexagon. 

When benzene is converted to cyclohexane, each carbon atom is ex- 
pected to change its bond angles from trigonal (120°) to tetrahedral (109.4). 
That was the basis upon which Baeyer predicted some degree of angle strain 
for cyclohexane (Sec. 6-3A). Yet experimental combustion data show that 
cyclohexane is the most strain-free cycloalkane. In fact, cyclohexane is usually 
used as the standard for minimum strain energy in cycloalkanes. 

In 1895 Sachse proposed that cyclohexane could exist free of angle strain 
if it were nonplanar. However, the implications of his suggestion were not 
accepted at that time. It was not until 1918 that Mohr extended the Sachse 
idea, devising an acceptable concept that we still use today. 

The most favorable structure for cyclohexane is a “puckered” molecule 
known as the chair conformation. No angle strain is encountered, since all 
bond angles remain tetrahedral (Fig. 6-9). Another important property of the 
chair conformation is that torsional strain is minimal because all groups are 
staggered. A Newman projection of cyclohexane illustrates this (Fig. 6-9b). 
Ball-and-stick and space-filling models of cyclohexane are also shown in 
Fig. 6-9. 


PROBLEM Compare the nonbonded repulsions of the chair form of cyclohexane 
6-5 with those of ethane. 


Another way of constructing the model of cyclohexane produces a 
nonplanar molecule known as the boat conformation (Fig. 6-10). Although 
no angle strain is encountered, eclipsing torsional strain is significant 
(Fig. 6-10b). In addition, nonbonded interaction between the two hydrogen 
atoms across the ring from each other (often called the flagpole hydrogens) is 


6-3 Conformations of Cyclic Compounds 143 


FIGURE 6-9 
Representations 
for the chair 
conformation of 
cyclohexane. 


PROBLEM 


6-6 


H 


(b) Newman projection 


(c) Molecular models 


unfavorable (Fig. 6-10c). The boat conformation of cyclohexane is about 
6.5 kcal/mol (27 kJ/mol) higher in energy than the chair form at 25°C. This 
difference in free energy is sufficient to result in cyclohexane existing over 
99.9 percent in the chair form. 

A modified boat conformation known as the twist boat (or in some cases 
the skew boat) has been suggested to minimize torsional and nonbonded 
interactions. The boat form is easily twisted so that the flagpole hydrogens 
move to either side of the molecule and the torsional interactions are also 
reduced (Fig. 6-11). The twist boat is estimated to be about 1.5 kcal/mol (6 kJ/ 
mol) lower in energy than the boat form at 25°С. 


Draw a Newman projection formula similar to Fig. 6-10b for the twist- 


boat conformation of cyclohexane. 


. Equatorial and Axial Bonds of Cyclohexane 


When we look more closely at all the atoms of cyclohexane, we see that 
the 12 hydrogen atoms do not occupy equivalent positions. In the chair con- 
formation six hydrogen atoms are perpendicular to the average plane of the 
molecule and six are directed outward from the ring, slightly above or below 
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FIGURE 6-10 
Representations 
for the boat con- 
formation of cy- 
Clohexane. 


(a) Common perspective drawing (b) Newman projection 


Flagpole interaction 


(d) Space-filling model 
(c) Ball-and-stick model showing 
flagpole hydrogen interactions 


the molecular plane. Bonds which are perpendicular to the molecular plane 
are known as axial bonds, and those which extend outward from the ring are 
known as equatorial bonds (Fig. 6-12). 

The three axial bonds directed upward originate from alternate carbon 
atoms. The equatorial bonds from the other three carbon atoms also are ori- 
ented slightly upward. Atoms attached to all six of these bonds are above the 
molecular plane. A similar spatial relation exists for three axial and three 
equatorial bonds below the molecular plane. Each carbon atom of cyclohex- 
ane possesses one axial bond and one equatorial bond directed toward орро- 
site sides of the molecular plane. 

The type of perspective formula shown in Fig. 6-12 is very important in 
organic chemistry. When a perspective formula for the chair conformation of 
cyclohexane is drawn, carbon-carbon bonds on opposite sides of the ring are 


FIGURE 6-11 

The twist-boat 
conformations of 
cyclohexane. 
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FIGURE 6-12 
Equatorial (bold 
type) and axial 
hydrogen atoms 
on a chair con- 
formation of cy- 
clohexane. 


parallel with each other. Axial bonds around the perimeter of the ring also are 
placed parallel with each other. Each equatorial bond is so drawn as to be 
parallel with the ring carbon-carbon bond which is opposite to the point of 
attachment of that equatorial bond. 

The molecular plane of the molecule is drawn horizontal and the draw- 
ing positioned as if the viewer were looking askew at the molecule, somewhat 
like a sawhorse representation (Fig. 6-45). An important implication of the 
perspective drawing of cyclohexane is that the three carbon atoms repre- 
sented by bond-line intersections at the bottom part of the drawing are meant 
to be above the plane of the paper (toward the viewer). The top three carbon 
atoms are perceived as behind the plane of the paper (away from the viewer). 
When a drawing of cyclohexane is manipulated on the two-dimensional sur- 
face, it is important to recognize the implied three-dimensional properties so 
as not to confuse the positions of bonds or atoms. 


PROBLEM Use the wedge-broken wedge convention to draw a three-dimensional 
6-7 model of the chair conformation of cyclohexane. 


PROBLEM Consider the chair conformation structure of a hypothetical 1,2- 
6-8 disubstituted cyclohexane as an example of how the two-dimensional 
drawings can and cannot be manipulated. 


Y 


Z 


a Draw the structure and mark the substituents as axial or equatorial. 

b Rotate the paper with the drawing 180* about an axis perpendicular 
to the plane of the paper, then redraw what you see using another 
piece of paper. 

c Rotate the original paper and drawing back to its initial position and 
compare the two drawings. Do they depict identical molecules? 


Why? 
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D. 


Conformational Interconversions of Cyclohexane 


At room temperature cyclohexane is interconverting rapidly between 
two chair conformations. The interconversions are a result of small rotations 
along all carbon-carbon single bonds (Fig. 6-13). As one chair form converts 
to the other (this is often referred to as ring inversion or ring flip), all the 
equatorial hydrogen atoms become axial and all the axial hydrogens become 
equatorial. The equatorial-axial interconversion is so rapid at room tempera- 
ture that all hydrogen atoms on cyclohexane can be considered equivalent. 


FIGURE 6-13 
Interconversion 
of equatorial 
and axial hydro- 
gen atoms on 
the chair confor- 
mation of cyclo- 
hexane. 


H 


The ring inversion process is believed to take place by movement of one 
side of the chair structure to produce the twist-boat and then movement of 
the other side of the twist-boat to give the other chair form. Figure 6-14 illus- 
trates the ring inversion sequence and related energy changes. (The boat con- 
formation is included, but it may not be on the interconversion pathway.) 


PROBLEM Use molecular models to observe the changes that take place during the 
6-9 interconversion of cyclohexane chair conformations. 
FIGURE 6-14 450 
Interconversion 
of cyclohexane 10-10 = 
conformers. 4o 
= 
Е 
3 65 a A z 
Е Я 
3 55 E 20 3 
3 410 
See 


PROBLEM 


6-10 


PROBLEM 


6-11 
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Another potential pathway for the interconversion of boat forms of 
cyclohexane is through a planar structure. 


a Use molecular models to follow this potential pathway. 


b Compare the energy of that pathway with the energy of the chair, 
twist-boat, chair sequence. 


When a substituent group replaces one or more hydrogen atoms of cy- 
clohexane, the energy difference between equatorial and axial positions can 
become significant. In methylcyclohexane the methyl group rapidly intercon- 
verts between the equatorial and axial positions, but methyl in the equatorial 
position is energetically much more favorable. Measurements show that, at 
equilibrium, the methyl group is 95 percent equatorial and 5 percent axial. 
This relation corresponds to a free-energy difference of 1.7 kcal/mol (7.3 kJ/ 
mol) at 25°С. Examination of the chair conformations of methylcyclohexane 
reveals that an axial methyl group must approach the two adjacent axial hy- 
drogen atoms more closely than an equatorial methyl approaches any hydro- 
gen atom. Nonbonded steric repulsions become important. As a conse- 
quence, for methyl and for most substituents an equatorial position is 
energetically more favorable since such 1,3-diaxial nonbonded interactions 
are minimized (Fig. 6-15). 


Draw Newman projection formulas for the equatorial and axial confor- 


mations of methylcyclohexane. Comment on the relative stabilities of 
the forms. 


In addition to the results for methylcyclohexane discussed above, the 
position of equilibrium between equatorial and axial substituents in a series of 
monosubstituted cyclohexanes has been measured. The equilibrium data are 
converted to free-energy differences (Sec. 4-1B) and those energy differences 
are used as an indication of the effective size of each substituent (Table 6-2). 
The data show that the halogen atoms have a relatively small effective size 


FIGURE 6-15 
Nonbonded 1,3- 
diaxial interac- 
tions in methyl- 
cyclohexane. 


H 
Н. #,H 
u/ Sol 


H 
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TABLE 6-2 Free Energy Required to Convert a Substituent 
from the Equatorial to the Axial Position of Cyclohexane 


Equatorial-Axial Free-Energy 
Difference, AG? 

Substituent kcal/mol (kJ/mol) 
-CN 0.2 (0.8) 
-F 0.25 (1.1) 
=ч 0.46 (1.9) 
—Вг 0.5 (2) 
m 0.52 (2.2) 
—OSO2CsH4CH3-p 0.52 (2.2) 
—O;CCH5 0.71 (3.0) 
—OCH3 0.75 (3.1) 
—OH 0.9 (3.8) 
—CO;H 1.4 (5.9) 
—NH; 1.4 (5.9) 
—CH3 1.7 (7.3) 
—C3Hs 1.8 (7.5) 
—CH(CH3); 22 (9.2) 
— СН; 3.0 (12.5) 
—C(CH3)3 >4 (217 ) 


and that alkyl groups increase in size in relation to their branching. The pref- 
erence for a bulky group such as tert-butyl to be equatorial is sufficiently great 
that ring inversion is inhibited and an axial configuration is almost never 
observed. 


PROBLEM The van der Waals radius of an iodine atom is greater than that of a 
6-12 bromine atom, which, in turn, is greater than that of a chlorine atom. 
However, the data of Table 6-2 indicate little energetic difference in the 


preference of the three substituents for the equatorial position on cy- 
clohexane. How can that observation be accounted for? (Hint: See 
Table 2-5.) 


E. Other Cycloalkanes 


The structure of cyclopropane has been a great source of speculation for 
chemists. How can three carbon atoms be connected as a cycle without seri- 
ously violating our ideas of bond angles? Modern structural data indicate that 
the highest electron density of the carbon-carbon bonds of cyclopropane 
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FIGURE 6-16 
The bent bonds 
of cyclopropane. 


H H 


у, ZA 


"C 


does not lie along the lines connecting carbon atoms. Bonding electrons lie 
principally outside the triangular internuclear lines and cyclopropane dis- 
plays what are commonly known as bent bonds (Fig. 6-16). 

Cyclopropane is actually a relatively stable gas at room temperature 
(bp —33°С). Though its carbon-carbon bonds are weaker than those in eth- 
ane, temperatures in excess of 450°C are required to thermally cleave the ring 
structure. 

Cyclobutane has less angle strain than cyclopropane, but it is also be- 
lieved to have some bent-bond character associated with the carbon-carbon 
bonds. The molecule exists in a nonplanar conformation in order to minimize 
hydrogen-hydrogen eclipsing strain (Fig. 6-17). 

Cyclopentane also is nonplanar with a structure that resembles an enve- 
lope. Four of the carbon atoms are in one plane, and the fifth is out of that 
plane. The molecule is in continual motion, so that the out-of-plane carbon 
moves rapidly around the ring (Fig. 6-18). 

The medium-size rings (7-12 ring atoms) are relatively free of angle 
strain and can easily assume a variety of spatial arrangements. They are not, 
however, large enough to avoid all nonbonded interactions between hydro- 
gen atoms. Cyclodecane, for example, exists in a relatively favorable confor- 
mation with six hydrogen atoms in a central region of the molecule (Fig. 6-19). 


FIGURE 6-17 
А conformation 
of cyclobutane. 
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FIGURE 6-18 

The conforma- CN = e ye. mol 
tions of cyclo- 

pentane. » 3 


PROBLEM Theory tells us that cyclopentane could exist as a planar molecule hav- 
6-13 ing the shape of a pentagon with essentially no angle strain. Why does 
the molecule actually exist in the envelope conformation? 


F. Bicyclic and Polycyclic Compounds 


Many compounds contain two or more cyclic systems which have no 
particular relation to each other. The rings normally react independently and 
are treated as if they were isolated carbocycles. 


СІ 


| 
> -ancnbicn, 


2-Chloro-4-cyclobutyl-1. -cyclohexylbutane 


An unusual class of polycyclic compounds possesses the structural char- 
acteristic in which one carbon atom is a member of two different rings. The 
materials are known as spiro compounds. The IUPAC name for a spiro com- 
pound begins with the word “spiro,” followed by brackets containing the 
number of atoms in each ring connected to the common carbon atom and 
then by the parent name to indicate the total number of carbon atoms in the 
two rings. When numbering is required to designate a substituent, it begins at 
the carbon adjacent to the common carbon and proceeds around the smaller 
ring and then the larger ring. 


FIGURE 6-19 
One conforma- 
tion of 
cyclodecane. 


M 
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grum 1 ETUE ea) er] 
2 
Puedo t Y 
5 3 
" e 76 4 
Spiro[2.4]heptane 2-Chlorospiro[4.5]decane 
PROBLEM Draw a conformational structure for 6-chlorospiro[2.5]octane. What 


6-14 spatial relation exists between the four bonds to the common carbon 
atom? 


Some polycyclic compounds possess two or more rings with at least two 
common atoms. Those two atoms are the bridging points in the polycyclic 
structure and are known as bridgehead atoms. The compounds with two 
rings are termed bicyclic; those with three rings tricyclic; etc. Norbornane is 
a bicyclic compound in which the six-member ring must have the boat confor- 
mation. Camphor is a pleasant-smelling natural product closely related to 
norbornane in structure. 


1 
um commonly represented by 5 
4 


Camphor 


Bicyclic compounds are named by following the prefix bicyclo- with 
brackets containing the number of atoms in each chain connected to the com- 
mon bridgehead atoms. The parent name representing the total number of 
atoms in the rings completes the name. Numbering begins at one of the com- 
mon bridgehead atoms and proceeds around the larger ring, first along the 
longest bridging chain and then through the remaining bridging chains in 
decreasing order of the chain length. 


* Bridgehead carbon atoms 
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PROBLEM 


6-15 


PROBLEM 


6-16 


6-4 


CI 
1 8 
1 
2 8 А 
7 
3 5 S 3 
4 6 4 


Bicyclo[3.2.Joctane — s-Chlorobicydlo[5iI]octane — 7-Methylbicyclo[2.2.1]heptane 


Draw a structural formula for each of the following compounds: 
a 1,6-Dichlorobicyclo[4.3.0]nonane 

b Bicyclo[3.1.0]hexane 

с 7-Bromobicyclo[4.2.0]-2-octene 

d 7,7-Dicyanobicyclo[4.1.0]-2,4-heptadiene. 


Provide the IUPAC names for norbornane and for camphor. 


Geometrical Isomerism 


Previous sections of this chapter considered various kinds of conforma- 
tional isomers—those stereoisomers that differ in the spatial arrangement of 
their atoms but readily interconvert at room temperature by rotations about 
single bonds. In this section we will see that compounds with the same se- 
quence of bonded atoms may differ from each other because of certain geo- 
metrical restrictions on the locations of certain of their atoms. Such geometri- 
cal isomers normally possess some type of structural rigidity. Because 
geometrical isomers do not readily interconvert they are part of the broader 
class of configurational isomers. Cyclic compounds and those containing 
carbon-carbon double bonds commonly exist as geometrical isomers. We will 
see that geometrical isomers may possess rather different physical and chemi- 
cal properties and therefore are usually easy to separate. 


. Cis-Trans Isomerism in Cycloalkanes 


Consider the substituted cycloalkane 1,2-dimethylcyclopentane. There 
are two ways that we can represent the compound on a two-dimensional 
surface (Fig. 6-20). A structural formula can be drawn with one methyl group 
oriented upward and one methyl group oriented downward (Fig. 6-202). The 
second possibility places both methyl groups upward or both methyl groups 
downward (Fig. 6-20b). These latter two drawings represent identical mole- 
cules. 
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FIGURE 6-20 
Planar represen- 
tations of cis 
and trans iso- 
mers of 1,2- 
dimethyl- 
cyclopentane 


FIGURE 6-21 
Planar represen- 
tations of cis- 
and trans-1,4- 
dimethyl- 
cyclohexane 


CH; CH, CH, н H 
trans-1,2-Dimethylcyclopentane cis-1,2-Dimethylcyclopentane 


The compound with the two methyl groups on opposite sides of the 
cyclopropane ring is known as the trans isomer and the compound with both 
methyl groups on the same side of the ring is known as the cis isomer. The 
cyclic structure limits rotation about the carbon-carbon single bond so that 
bond breaking would be required to interconvert these two geometrical iso- 
mers. 

Disubstituted cyclohexanes and other cycloalkanes also can exist as geo- 
metrical isomers. The 1,4-dimethylcyclohexanes, for example, exist in a cis 
and in a trans configuration. This is most simply illustrated by the planar 
representations (Fig. 6-21). 


CH 
VE E 
H H H CH; 
cis-1,4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane 


We know that the cyclohexane isomers are actually not planar but exist 
in a puckered shape (Sec. 6-3B). The methyl substituents of the 1,4-dimethyl- 
cyclohexanes are located in axial or equatorial orientations. How then, does 
the conformational isomerism relate to the configurational isomerism of these 
compounds? 

The trans isomers can be represented with both methyl groups in equa- 
torial positions or both methyl groups in axial positions (Fig. 6-22); that is the 
trans configuration can exist in two conformations. It is important to note that 
conformational interconversion (equatorial to axial or axial to equatorial) does 
not change the configuration (cis or trans). 


FIGURE 6-22 
Conformations of 
trans-1,4- 
dimethyl- 
cyclohexane. 


CH; H 
H CH; 


Equatorial-Equatorial Axial-Axial 
trans-1,4-Dimethylcyclohexane 


The cis configuration of 1,4-dimethylcyclohexane can be depicted in con- 
formations with one methyl group axial and one methyl group equatorial 
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FIGURE 6-23 H H 
Conformations of CH: 
cis-1,4-dimethyl- зз 
сүс1оһехапе. H H 
CH, CH; 
Axial-Equatorial Equatorial-Axial 
cis-1,4-Dimethylcyclohexane 


(Fig. 6-23). Here however conformational interconversion results in identical 
molecules as one methyl group changes from axial to equatorial and the other 
from equatorial to axial. 

Let us look further at the conformational interconversion of trans-1,4- 
dimethylcyclohexane. One of the conformational isomers has both methyl 
substituents in equatorial positions and the other has both in axial positions 
(Fig. 6-22). We learned that equatorial positions are favored for substituents 
on the cyclohexane ring (Sec. 6-3D) and that equatorial-to-axial energy differ- 
ences have even been determined for various substituents (Table 6-2). We 
therefore conclude that although conformational equilibrium is expected 
to take place, trans-1,4-dimethylcyclohexane exists principally ш the 
diequatorial form. 


PROBLEM Draw the two chair conformations for each of the following com- 
6-17 pounds and indicate whether each methyl group is axial or equatorial. 


а trans-1,2-Dimethylcyclohexane с trans-1,3-Dimethylcyclohexane 
b cis-1,2-Dimethylcyclohexane d cis-1,3-Dimethylcyclohexane 


PROBLEM Use the data of Table 6-2 to calculate the relative energies of the confor- 
6-18 mational stereoisomers of 


a 1,4-Dimethylcyclohexane 
b 1-Chloro-4-methylcyclohexane 


€ 1-Bromo-3-isopropylcyclohexane. 


PROBLEM Although two possible chair conformations of cis-4-tert-butyl- 
ty! 
6-19 cyclohexanol can be drawn, there is strong evidence that the compound 


exists almost exclusively in only one of them. Predict the conformation 
of this favorable form. 
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The bicyclic compound bicyclo[4.4.0]decane, commonly known as deca- 
lin (a short name for decahydronaphthalene), has two fused six-member 
rings. Both cyclohexane rings exist in chair conformations free of angle strain. 
The bonds through which the two rings connect can be axial or equatorial and 
thus lead to cis- and trans-decalins (Fig. 6-24). In subsequent chapters we will 
see that the decalin structure is an important component of the structures of 
steroids and other naturally occurring compounds. 


FIGURE 6-24 H H 


Isomers of cis- 
and trans- 
decalin. | 
H H 


trans-Decalin 
(trans-Bicyclo[4.4.0]decane) 
(mp —33°C) 


Il 


H 
U 
we ri H 
Н 
H 


cis-Decalin 
(cis-Bicyclo[4.4.0]decane) 
(mp —45°С) 


PROBLEM One isomer of decalin is about 2 kcal/mol (8 kJ/mol) lower in energy 
6-20 than the other. Consider ring conformation to predict which isomer has 


the lower energy. 


PROBLEM Use molecular models to show that cis-decalin can interconvert its chair 
6-21 conformations (ring flip) but the trans isomer cannot. Draw the confor- 


mation of cis-decalin which is obtained by ring flip of the structure in 
Fig. 6-24. 


B. Restricted Rotation about Double Bonds 


In Chap. 2 we saw that five structural isomers can be drawn for the 
molecular formula C4Hg (Sec. 2-20). The nomenclature rules introduced in 
Chap. 3 enable us to assign a unique name to each of the five isomers, which 
is consistent with the fact that they are different compounds. 
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Experimental results, however, demonstrate that there are actually six 
isolatable compounds with the molecular formula СН. Two of them are not 
structural isomers because both have the sequence of covalently bonded 
atoms that we name as 2-butene. At room temperature they are gases with 
boiling points of 1°C and 4°C. 

When we recall what we know about carbon-carbon double bonding 
and about the orientation of atoms about carbon-carbon double bonds (Sec. 
2-6B), the origin of the 2-butene isomers becomes apparent. The carbon- 
carbon double bond is attributed to overlap of two sp? hybrid orbitals plus the 
overlap of parallel p orbitals that constitute the pi bond. The two carbon atoms 
and the four other atoms attached to them all lie in a common plane. Rotation 
about a carbon-carbon double bond is severely restricted by the energetically 
favorable parallel orientation of the interacting p orbitals. 

Such restricted rotation about a carbon-carbon double bond allows us to 
understand the relation between the 2-butene isomers. One isomer has both 
methyl groups on the same side of the double bond and is commonly known 
as cis-2-butene. The other has the methyl groups on opposite sides and is 
designated trans-2-butene. 


CH CH, CH. (UH 
rae oe УЕ 
H H H CH, 
cis-2-Butene trans-2-Butene 
(bp4*C;mp —139"C) (Ыр 1°C; mp —106°С) 


Dipole moment — 0.33 D Dipole moment = 0 D 


PROBLEM Account for the difference in dipole moments of cis- and trans-2- 
6-22 butene. 


Not all double bonds lead to geometrical isomerism. Only molecules in 
which each carbon atom of the double bond is bonded to two different 
groups can exist as cis-trans isomers. For example 


CHa, M CHCH; JH 
Jem x is the same as ©, 
CH,CH, H CH; H 
but 
CH, is CH;CH, „СНз 
(С=с is an isomer of Ba 
CH,CH, CH,CH3 CH, CH,CH; 


Many compounds possess more than one double bond which can lead 
to geometrical isomerism. The maximum number of isomers is 2”, where и is 
the number of double bonds with different substituents at each end. There 
are, for example, four (22 = 4) geometrical isomers of 2,4-heptadiene. 


PROBLEM 


6-23 


PROBLEM 


6-24 
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AL JH HL ,,CH,CH a 
CH. EN In AL = N 
TR CHCH, YS x H 
H H CH, H 
cis-cis-2,4-Heptadiene trans-trans-2,4-Heptadiene 
H CH,CH, H H 
CH, Nea HL Seed 
„с=с H aK. CH,CH, 
H H CH; H 


cis-trans-2,4-Heptadiene trans-cis-2,4-Heptadiene 


Draw structural formulas for the geometrical isomers of 2,4-hexadiene. 


Provide a name for each formula and explain the observation that three 
rather than four isomers exist. 


Draw all the structural formulas for the geometrical isomers of each of 
the following compounds and label each double bond as cis or trans. 


d 2,3-Dimethyl-2-pentene 
e 4-Methyl-3-hexen-1-ol 
f 2,5-Octadiene 


a 3-Methyl-3-hexene 


b 1,2-Dibromoethene 


c 2-Chloro-2-butene 


We can make an estimate of the barrier to rotation about a carbon- 
carbon double bond in terms of bond energies. If the four groups attached to 
unsaturated carbon atoms of a planar alkene were rotated so that they lay in 
two perpendicular planes, the p orbitals of each carbon atom would also be 
perpendicular. No attractive overlap between the p orbitals could take place 
and the pi bond would be lost. Only the carbon-carbon sigma bond would 
remain. 

A typical carbon-carbon single bond has an average bond energy (Table 
2-4) of 83 kcal/mol (387 kJ/mol), whereas the energy of a double bond is nearly 
146 kcal/mol (610 kJ/mol). The difference—63 kcal/mol (263 kJ/mol)—is an 
approximate measure of the energy required to break the pi bond and inter- 
convert geometrical isomers of simple alkenes. When we note that the ther- 
mal energy available to molecules at typical room temperatures is only suffi- 
cient to promote processes with energy barriers below 15 to 20 kcal/mol (60 to 
80 kJ/mol), it becomes clear why cis-trans isomers are structurally stable and 
normally easy to separate in the laboratory. 

Restricted rotation about a carbon-carbon double bond may influence 
the chemical reactivity of isomeric materials. Butenedioic acid, for example, 
exists in two forms. The cis isomer is commonly known as maleic acid and the 
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trans isomer as fumaric acid. When the cis isomer is heated to 140°C, water is 
evolved as the corresponding anhydride forms. 


1 
н / ex н р 
c OH мес 
| EET О +н,о 
Кә OH 
Кап Чг H 
H T le] 
о 
cis-Butenedioic acid Butenedioic anhydride 
(Maleic acid) (Maleic anhydride) 
(mp 138*C) 


By contrast, no reaction takes place when the trans isomer is heated to 
140°С. However, at about 290°С the trans isomer also forms the anhydride. 
The higher temperature provides sufficient energy to overcome the barrier to 
rotation about the carbon-carbon double bond, and the cis configuration re- 
quired for anhydride formation can be attained from the trans isomer. 


it 
AN H P 
Si =140°с HO С = 290°C 
reaction | О +H,0 
ron OH E 
н“ 9 H о 
о 
trans-Butenedioic acid 
(Fumaric acid) 
(mp 287*C) 


. Designation of Configuration 


The cis and trans designations have been used for many years to indi- 
cate the spatial relations of groups around a carbon-carbon double bond. 
There is no question as to the specification of configuration for alkenes in 
which at least one of the groups connected to both carbon atoms is the same. 
But when each carbon atom is connected to different groups, the basis for 
comparison is somewhat arbitrary. 

Common practice has been to specify relative positions of similar 
groups. For example, the location of a chlorine atom on one carbon atom 
might be related to that of a bromine atom on the other carbon atom of the 
double bond. When both are on the same side of the double bond the com- 
pound is cis and when they are on opposite sides of the double bond, the 
compound is trans. In some cases the spatial relations of the longest continu- 
ous carbon chains attached at each of the two unsaturated carbon atoms have 
provided the criteria for designating geometrical isomers. But that approach 
soon becomes arbitrary and useless in complex systems. 

To eliminate confusion, a more general system for designating configu- 
ration about a double bond has been adopted. The method is based on a 


PROBLEM 


6-25 
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priority system originally developed by Cahn, Ingold, and Prelog for use with 
chiral molecules (Sec. 6-5). Groups on each carbon atom of the double bond 
are assigned a first (1) or second (2) priority according to the Cahn-Ingold- 
Prelog system. Priority is then compared at one carbon relative to the other. 
When both first-priority groups are on the same side of the double bond, the 
configuration is designated as Z (from the German zusammen, "together"^). If 
the first-priority groups are on opposite sides of the double bond, the desig- 
nation is E (entgegen, "opposite"). 


pedem го 


ISS 4 
с=с с=с 
ЖАК YS 
O) © © © 
7 Е 


In the Cahn-Ingold-Prelog system, priority is assigned on the basis of 
the atomic number of the atoms directly attached to the double-bonded car- 
bon atoms. Higher priority is assigned to atoms of higher atomic number. 

Consider the geometrical isomers of 2-butene. The carbon atom of each 
methyl group receives first priority, and the hydrogen atom connected to the 
double-bond carbon has second priority. Thus cis-2-butene becomes Z-2- 
butene and trans-2-butene becomes E-2-butene. (We will include the cis-trans 
designations parenthetically as a reference to the older nomenclature.) 


® 
CH, ен ен, de 
ето т. 
н H H CH 
@ @ @ KO) 
Z-2-Butene (cis) E-2-Butene (trans) 


Draw structural formulas of and assign E or Z designations to the geo- 
metrical isomers of each of the following compounds: 


a 3-Hexene d 1-Iodo-1-butene 
b 2-Pentene e 1-Deuterio-1-hexene 


c 1-Bromo-2-chloropropene 


When atoms attached directly to one double-bond carbon have the same 
priority, the second atoms of the substituent are considered. Precedence is 
given to the group with the second atom of higher atomic number. For exam- 
ple, 3-methyl-2-hexene has a methyl group and a propyl group attached to 
the number three carbon atom. In each case the first atom under considera- 
tion is carbon. No priority order can be assigned. The second atoms of the 
methyl group are three hydrogens. For the propyl group the second atoms 
are two hydrogens and one carbon. The carbon atom takes precedence over 
any of the hydrogen atoms, and propyl receives priority over methyl. In this 


160 The Shapes of Molecules—Stereochemistry 


example the cis-trans designation would be ambiguous and depend upon 
whether we compare identical methyl groups or longest chains—methyl and 


propyl. 
© ® 
corn „єн? Ше Ке Кеи 
C= C=C. 
РА < vA AN 

H CH,CH,CH H CH; 

Q @ 2 2 3 Q @ 
E-3-Methyl-2-hexene Z-3-Methyl-2-hexene 


PROBLEM Provide an IUPAC name and a stereochemical designation for each of 
6-26 the following compounds: 


СН „ССН, 
а yon, c 
CH,CH, CI CH,CH, 


CICH, (CH,),CH „CHOH 
b с=с а с=с 
BrCH, H CH,CH, 


When groups under priority consideration have double or triple bonds, 
the multiply-bonded atom is replaced conceptually by two or three single 
bonds to that same kind of atom. A carbon-carbon double bond is consid- 
ered as if each carbon atom has two single bonds to carbon; and a carbon- 
carbon triple bond as if each carbon atom has three single bonds to carbon. A 
carbonyl group is considered as if the carbon atom has two single bonds to 
oxygen and the oxygen atom has two single bonds to carbon. 


\ о 
fo considered as | 
[o 
S A ls 
С=С considered as T mm 
Се 
Li 
—C=C— considered as dbi 
C. c 


The naming of the compound Z-3-tert-butyl-1,3-pentadiene further illus- 
trates the priority system. The number three atom possesses а tert-butyl and 
an ethenyl substituent. Substitution of carbon-carbon single bonds for the 
ethenyl double bond shows that one hydrogen and two carbon atoms are at 
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the second comparison position whereas the tert-butyl group has three carbon 
atoms at the corresponding position. Precedence goes to the tert-butyl group. 


en ® 
= a 
СН. 
b=CH ү; JH ев UM 
Lom es considered as Jan 
(CH,),C CH; Cr c-H 
Z-3-tert-Butyl-1,3-pentadiene с^ \ 4 ^H 
© 


PROBLEM Why wasn't the number one double bond of 3-tert-butyl-1,3-penta- 
6-27 diene considered for an E or Z designation? 


PROBLEM Arrange the following substituents in order of decreasing priority ac- 
6-28 cording to the Cahn-Ingold-Prelog rules: 


CH, 


(CH3) CH— C 


CH,-CH— | HC=C— 


PROBLEM Provide a name, including an E or Z designation, for each of the follow- 
6-29 ing compounds: 


CH,CH, CH;CH,,. CH,CH,CH, 
т Map LX 


"d 


ANS 
^u id CH(CH,), 
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D. Strained Carbocycles 


PROBLEM 
6-30 


PROBLEM 


6-31 


Chemists have always been challenged by the possibility of constructing 
compounds that are geometrically restricted so as to test the limits of bonding 
capabilities and extend our understanding of organic molecules. Small poly- 
cyclic molecules have proved to be a fruitful field for such endeavors. A sig- 
nificant number of rather interesting highly strained molecules have been 
prepared or detected. 

The linear configuration of a triple bond has limited the preparation of 
stable cycloalkynes to rings of eight or more atoms. Double bonds with the Z 
(cis) configuration seem to be accommodated by a monocycle of any size. 
Cyclobutene is a stable compound (bp 2°C), although cyclopropene has been 
isolated only at temperatures below —80°C. Cyclohexene is a relatively strain- 
free compound (the estimated strain energy is 1 kcal/mol, or 4 kJ/mol) which 
is an inexpensive and readily available laboratory and industrial chemical. 
Only the Z geometrical isomer is known. Cyclooctene is the smallest cycloal- 
kene of which both Z and E isomers have, thus far, been isolated. 


Draw a conformational structure for cyclohexene. 


Many small bicyclic molecules can possess double bonds as long as the 
multiple bond is not located at a bridgehead carbon atom. Bicyclo[2.2.1]-2- 
heptene (norbornene) is a well-known compound, but the isomer with a 
bridgehead double bond is, at this time, unknown. 


Bicyclo[2.2.1]-2-heptene Bicyclo[2.2.1]-1-heptene 
(Norbornene) Unknown compound 


Bredt’s rule states that small bicyclic compounds with the double bond 
at a bridgehead should be highly strained. Attempts to push Bredt’s rule to 
the limit have resulted in the preparation of the following bridgehead alkenes: 


O KI t 


Bicyclo[3.3.1]-1-nonene Bicyclo[4.2.1]-6-nonene Bicyclo[3.2.2]-1-nonene 


Discuss the spatial orientation of the four single bonds connected to 


the double bond in each of the above bridgehead bicycloalkenes. 


6-5 
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Many explanations are employed to rationalize the formation of strained 
molecules. We encountered the concept of a bent bond as an explanation for 
bonding in cyclopropane (Sec. 6-3D). Changes in hybridization provide an- 
other explanation. Acceptable bond angles can be larger if they possess more 
s character or smaller if they have more p character (Sec. 2-7). It has been 
suggested that the orbitals of the carbon-carbon bonds of cyclopropane have 
only about 17 percent s character and represent approximately sp? hybridiza- 
tion. 

A series of fascinating compounds which duplicate interesting geometri- 
cal figures have been prepared in recent years. Structures and IUPAC names 
of some of these strained compounds are compiled in Table 6-3. 


Chirality and Optical Activity 


Probably the most fascinating, and often subtle, type of stereoisomerism 
is that which can give rise to optical activity. When Biot, in 1815, reported that 
certain naturally occurring organic materials possess the ability to rotate the 
plane of polarized light, he initiated a great deal of interest and associated 
experimentation among his scientific colleagues. Over the next sixty years 


TABLE 6-3 Some Strained Polycyclic Compounds 


Structure IUPAC Name Common Name 
у Bicyclo[1.1.0]butane Bicyclobutane 
AN Bicyclo[1.1.1]pentane A propellane 
у Tetracyclo[2.2.0.075.0*^]hexane* Prismane 
Pentacyclo[4.2.0.075.0?.0*7]octane* Cubane 
SRI 
- P Undecacyclo[9.9.0.0?.097, 920, 95118 9616 95,15 


27 0191401219 ()13,17|ісоѕапе* Dodecahedrane 


* The nomenclature of polycyclic compounds follows the pattern used for Ысусйс structures. An additional 
requirement is that the numbers of the carbon atoms to which the fourth or additional carbon chain is con- 


nected are indicated as superscripts to the chain designation. 
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FIGURE 6-25 
Symmetry ele- 
ments for meth- 
ane: (a) one 
Plane of symme- 
try; (b) one 
threefold axis of 
symmetry. 


(a) 
H 
| | | 
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axis 


many scientists made important contributions to the evidence for the occur- 
rence of optical activity, but none grasped the relation between the data and 
molecular structure. In 1874 van't Hoff and Le Bel independently provided 
the theory which not only interpreted the phenomenon of optical activity but 
also showed how a three-dimensional model of molecules could account for 
much of the confusion relative to structure. 


. Asymmetry and Enantiomers 


We have considered the structure of methane many times during our 
discussions of molecular structure. It should be obvious that methane is a 
molecule with high symmetry. It possesses, for example, planes of symmetry 
passing through the carbon and any two of the hydrogen atoms (Fig. 6-252) as 
well as a threefold axis of symmetry along the C—H bonds (Fig. 6-25b). A 
plane of symmetry divides a molecule into two halves which are mirror im- 
ages of each other. An axis of symmetry is defined as a line which passes 
through the molecule so that a rotation of 360°/n about this axis leads to a 
three-dimensional structure which is indistinguishable from the original. All 
molecules possess a onefold axis of symmetry (п = 1) since rotation of 360° 
about any axis leads to the identical structure. 

If we look at the substituted methanes choromethane (СНС), dichloro- 
methane (CH;CL), and trichloromethane (CHCl), we again see that each has 
at least one plane of symmetry (Fig. 6-26). The presence of at least two identi- 
cal atoms on the central carbon provides that element of symmetry. 


FIGURE 6-26 
Symmetry planes 
of the 
chloromethanes. 


H H cl 
H H cl 


Chloromethane Dichloromethane Trichloromethane 
The Cl and one H atom Both Cl atoms or both The H and one Cl atom 
must be in one plane. H atoms must be in must be in one plane. 


one plane. 
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Now consider the alcohol 2-butanol. 2-Butanol can be prepared by the 
hydration of 2-butene, a reaction that we classify as an electrophilic addition 
(Sec. 4-2). We recognize that planar trigonal unsaturated carbon atoms are 
converted to saturated tetrahedral carbon atoms during the process. 


OH 
CH,CH—CHCH, + H,O — CH,CHCH,CH, 


If we use three-dimensional drawings or molecular models to more care- 
fully examine the molecular structure of 2-butanol, we find that there are two 
different ways in which the attached groups can be arranged around the 
number two carbon atom. The two arrangements lead to a pair of mirror 
image 2-butanol structures (Fig. 6-27). We know, of course, that every mole- 
cule or object has a mirror image. However, the 2-butanol mirror images are 
notable in that they are not superimposable on each other. No matter how 
hard we try, our models or three-dimensional drawings of the two mirror 
image structures cannot be made identical. 

Such nonsuperimposable mirror image molecules are known as enanti- 
omers. Enantiomers are related to each other as are right and left hands. They 
are known as chiral molecules. 

The chirality of 2-butanol is a result of asymmetry—of the absence of 
symmetry in the molecule. That asymmetry is centered at the number two 
carbon atom—the chiral center or asymmetric carbon of 2-butanol. One of the 
easiest ways (though not the only way) to recognize chirality in a molecule is 
to look for carbon atoms connected to four different groups. 


FIGURE 6-27 
Enantiomers of 
2-butanol. 


PROBLEM 


6-32 


н Н.С 
CH,CH,—C. „С--СН.СН; 
3 2 V'OH HO"'7 2 3 
H H 
Mirror plane 


Use molecular models and three-dimensional drawings to show that 


a The enantiomers of 2-butanol are not superimposable. 


b The mirror images of CH5CI, CH;CL, and СНСЬ are identical to the 
original molecules. 


As subtle as the difference between enantiomers may seem, these non- 
superimposable mirror image compounds play a very important role in natu- 
ral processes. Essential amino acids, the building blocks of proteins 
(Chap. 22) can exist as enantiomer pairs. Yet in most cases only one enantio- 
mer of the pair is biologically active and therefore useful to a living organism. 
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Another type of physiological difference is illustrated by carvone, a 
chiral, naturally occurring unsaturated cyclic ketone with one asymmetric car- 
bon atom. The odors of the two enantiomers of carvone are different. One has 
a caraway odor and the other a spearmint odor (Fig. 6-28). Extracts of both are 
used as flavoring agents in food. It is clear that the sense of smell has some 
relation to the three-dimensional structure of these odoriferous compounds. 


FIGURE 6-28 
Stereoisomers of 
carvone, 


PROBLEM 
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7 сн, 
D "OS 
? 
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сн, CH, CH, CH, 
Spearmint Caraway 


. Optical Activity k 


One of the experimentally observable properties of enantiomers is their 
ability to rotate the plane of polarized light. When Biot observed the rotation 
of polarized light by certain organic compounds, he was utilizing a method by 
which we still differentiate enantiomers in the laboratory. A solution of the 
compound under consideration is placed in an instrument known as a polar- 
imeter. The direction of rotation of the plane of polarized light is observed as 
the light passes through the sample. If the light is rotated in a clockwise 
direction, the sample is said to be dextrorotatory and is designated as (+) or d. 
When a sample rotates the plane of polarized light in a counterclockwise 
direction, it is said to be levorotatory and is designated as (—) or l. The stereoi- 
somers of an enantiomer pair rotate the plane of polarized light in opposite 
directions but with equal magnitudes. In the example of the carvone stereoi- 
somers (Fig. 6-28) the enantiomer with a caraway odor rotates polarized light 
clockwise +62° and the enantiomer with the spearmint odor rotates the light 
counterclockwise —62°. 

Although chirality is a necessary prerequisite for optical activity, chiral 
compounds are not necessarily optically active. In the laboratory a chiral com- 
pound such as 2-butanol will normally be found as an equal mixture of the 
two enantiomers. Since the enantiomers rotate the plane of polarized light in 
equal but opposite directions, no net optical rotation is observed for the com- 
pound. A chiral compound which is optically inactive because it is composed 
of an equal mixture of enantiomers is said to be racemic and is designated (+) 
or dl. 


Which of the following compounds are chiral and thus capable of exist- 
ing in optically active forms? Identify the chiral center or centers. 


OH сї 
а CH,CH,CHCH,CH, b CH,—CHCHCH, 
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€ 1-Chlorobutane f 4-Bromo-1-chlorocyclohexene 


d 3-Chloro-2-butanol OH 


| 
g C,;H;CHCH, 
e Br СІ 
В 1,3-Dimethylbenzene 


C. Absolute Configuration 


Enantiomers have a curious relation to each other in comparison with 
other isomers we have encountered. They are nonsuperimposable, yet their 
structures appear to be identical. Distances between atoms surrounding the 
chiral center of one enantiomer are the same as those in its mirror image 
enantiomer. Experiments have clearly demonstrated that most of the physical 
properties of enantiomers (melting point, boiling point, solubility) are identi- 
cal, and under most laboratory circumstances the enantiomers show identical 
chemical reactivity. What, then, is the difference between enantiomers? 

The difference is the spatial sequence of the atoms or groups connected 
to the chiral atom, i.e., the configuration. Molecules related to each other as 
nonsuperimposable mirror images (enantiomers) have opposite configura- 
tions. The absolute configuration describes the arrangement in space of the 
four groups attached to the chiral center. 

A general system for designating absolute configuration is based upon 
the Cahn-Ingold-Prelog priority system (Sec. 6-4C). Each group attached to 
the chiral carbon atom is assigned a number—1, 2, 3, or 4—based on atomic 
number; 1 is the highest-priority group, and 4 is the lowest. For example, for 
the groups attached to the chiral center of 2-butanol, 1 = ОН, 2 = CH;CH;, 
3 = СН», and 4 = Н. The molecule is then viewed from the side opposite the 
group of lowest priority (4 — H). The order of decreasing priority (1, 2, 3) of 
the remaining groups represents either a clockwise or a counterclockwise 
sequence. If the sequence is clockwise, the molecule is assigned the (R) (rec- 
tus, "right") configuration. A counterclockwise sequence represents an (5) 
(sinister, left") configuration. The designations of configuration for the en- 
antiomers of 2-butanol are illustrated in Fig. 6-29. 


FIGURE 6-29 
Absolute config- 
uration designa- 
tions for the en- 
antiomers of 
2-butanol. 
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PROBLEM 
6-34 


PROBLEM 
6-35 


Assign an (R) or (S) absolute configuration to each of the following 
molecules: 
cl сө 
а „© а t 
H"/ ^CO,H CHj/ ^CO,H 
А HOCH, 


CH(CH, 


DAD AG enu 
СНУ ^NH, H7 о 
C,H; а 


M ARCEACH, 


c / Е Э 
ON "ceca H'f ~CH(CH,), 
2555 


Draw a three-dimensional structural formula for each of the following 
compounds: 


a (R)-2-Hydroxypropanoic acid d (R)-3-Cyanocyclopentanone 


b (R)-2,3-Dibromopropanal e (S)-3-EthyIhept-1-en-5-yne 


€ (S)-3-Methoxy-3-methyl-4- f (R)-2-Deuteriopropanoic acid 
hexen-2-one 


. Relative Configuration 


Unfortunately, it is not easy to directly determine the absolute configu- 
ration of a chiral compound. The most obvious experimental technique, 
measurement of optical rotation, physically characterizes the compound but 
provides no simple indication of configuration. Many enantiomers change 
their signs of rotation as the wavelength of the polarized light is varied and 
some even have different signs in different solvents. 

It is, however, common practice to establish the relative configurations 
at the asymmetric centers of compounds. One optically active compound is 
converted to another by a sequence of chemical reactions which are stereospe- 
cific at the asymmetric center; that is, reactions in which specific spatial 
changes are known to take place at each step. The configuration of one chiral 
compound can then be related to the configuration of the next in the se- 
quence. To establish absolute configuration, a chemist need only carry out 
sufficient stereospecific reactions to relate a new compound to another of 


known absolute configuration. 
Historically, the configuration of d-(+)-glyceraldehyde [d-(+)-2,3- 


FIGURE 6-30 

The absolute 
configurations of 
glyceraldehyde 
(2,3-dihydroxy 
propanal) епап- 
tiomers. 
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dihydroxypropanal] served as the standard to which all configurations were 
compared. Toward the end of the nineteenth century Emil Fischer arbitrarily 
assigned the absolute configurations depicted in Fig. 6-30 to the enantiomers 
of glyceraldehyde. At that time there was no clear basis for the choice. 

In 1951 an x-ray crystallographic technique was employed to determine 
the absolute configuration of the sodium rubidium salt of tartaric acid (2,3- 
dihydroxybutanedioic acid). Since (+)-tartaric acid had previously been re- 
lated to the configuration of (+)-glyceraldehyde by a series of stereospecific 
reactions, the absolute configurations of gylceraldehyde enantiomers were 
established. Luckily, (a 50-50 chance) the earlier assignments by Fischer 
proved to be correct, and now all configurations relative to glyceraldehyde are 
absolute. Today x-ray analysis is often used to directly assign absolute config- 
uration. 


CHO OHC 
не SOON 


V'CH,OH HOH,C7 
2 
HO ÓH 


Mirror plane 
(R)-(+)-Glyceraldehyde (S)-(—)-Glyceraldehyde 


Several Chiral Centers 


The number of stereoisomers increases rapidly with an increase in the 
number of chiral centers in a molecule. We can calculate the maximum num- 
ber of possible stereoisomers from the formula stereoisomers = 2", where 
n = number of chiral centers. 

Consider 3-phenyl-2-butanol, a compound possessing two chiral atoms. 
Four isomers can be represented by three-dimensional drawings (Fig. 6-31). 
We see that the four drawings show two pairs of enantiomers. But what is the 
relation between one pair of enantiomers and the other? Drawings or molecu- 
lar models illustrate that an enantiomer of one pair is not a mirror image of 
nor is it superimposable on either enantiomer of the other pair. Stereoisomers 
which are not mirror images are known as diastereomers. Whereas enantio- 
mers are identical in all physical properties except their signs of optical rota- 
tion, diastereomers have different physical and chemical characteristics. 

The difference in physical properties between diastereomers is the basis 
of the most common method for the separation of enantiomers, the technique 
of enantiomer resolution (also called optical resolution). Since enantiomers 
have identical physical properties, they cannot be separated by usual labora- 
tory methods such as distillation or crystallization. Conversion of enantio- 
mers to diastereomers enables separation to be accomplished (Sec. 9-7). 

Pasteur carried out the first reported separation of enantiomers using a 
compound obtained during the preparation of wine. Tartaric acid (2,3- 
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FIGURE 6-31 
Stereoisomers of CH; СН, 
3-phenyl-2- "n d 
butanol. CH. VH Hy „СН, 
HS CH, CH; Mx 
OH OH 
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PROBLEM a Assign (R) and (S) configurations to the chiral centers of all four 
6-36 stereoisomers of 3-phenyl-2-butanol. 


b The molecules are relatively free to rotate about the central carbon- 
carbon bond. Will the conformation at any instant affect the configu- 
rational assignments? 


PROBLEM a Draw three-dimensional structural formulas for the stereoisomers of 
6-37 the important amino acid threonine (2-amino-3-hydroxybutanoic 
acid). 


b Assign (К) and (5) configurations to the chiral centers of each mole- 
cule. 


с Indicate which structures are enantiomers and which are diastereo- 
mers. 


dihydroxybutanedioic acid), a compound with two chiral atoms, deposits as a 
potassium salt (tartar) during the fermentation of grape juice. Biot showed 
that the tartaric acid obtained from wine is usually dextrorotatory. A com- 
pound called racemic acid also is obtained from the fermentation process, but 
it possesses no optical activity. Yet racemic acid has the same chemical com- 
position as tartaric acid. 

Pasteur observed that crystals of the sodium-ammonium salt of racemic 
acid exist in two different shapes: one structure right-handed and the other 
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FIGURE 6-32 
Enantiomers of 
racemic acid. 


Mirror plane 
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left-handed. He separated the two crystal forms by hand, using a microscope, 
and found that one rotated the plane of polarized light to the right (dextroro- 
tatory) and the other rotated the light to the left (levorotatory). By mixing 
equal amounts of the optically active acids recovered from the separated salts, 
Pasteur demonstrated that racemic acid is a mixture of equal portions of dex- 
trorotatory and levorotatory tartaric acid, i.e., a racemic mixture (Fig. 6-32). 

The Pasteur experiment proved to be extremely important in the early 
development of the structural theories of organic chemistry. Yet some degree 
of luck was involved. The material that Pasteur worked with is unusual in 
that it is the only known tartrate salt for which the two enantiomers deposit in 
different crystal forms. Furthermore, the different crystals are formed only 
below 25°C and might not have been observed if Pasteur had been working in 
a region where the climate is warm. 

Racemic acid accounts for only two of the expected isomers of tartaric 
acid. We predict that the two chiral centers could lead to a maximum of four 
stereoisomers (2? = 4), but only three isomers are actually found: the two 
optically active enantiomers which make up racemic acid and an optically 
inactive isomer. 

Tartaric acid illustrates another important geometrical property of dia- 
stereomers: molecules possessing two or more chiral centers are not neces- 
sarily chiral. Molecules that have chiral centers but are themselves achiral 
(nonchiral) are called meso. Meso molecules possess a plane of symmetry. We 
see (Fig. 6-33) that the two additional structural formulas drawn for tartaric 


FIGURE 6-33 
meso-Tartaric 
acid. 
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FIGURE 6-34 
Stereoisomers of 
cyclopropane- 
1,2-dicarboxylic 
acid. 
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acid are superimposable mirror images. They have an internal plane of sym- 
metry and are, in fact, identical. Recognition of a plane of symmetry in the 
molecules is usually the easiest way to detect a meso compound. 

Physical properties of the tartaric acid stereoisomers are compiled in 
Table 6-4. The properties of the d and / isomers are identical (other than the 
sign of optical rotation) and are different from those of the meso form. We 
also find that the melting point of racemic acid is different from that of either 
the d or l isomers of which it is composed. Racemic mixtures usually have 
melting points higher than the melting point of either pure enantiomer. Inter- 
molecular attractions between d and | enantiomers within the crystal lattice 
are generally stronger than those between either of the pure enantiomers. 


What is the relation between the absolute configurations of the chiral 


atoms in (+)- and in (—)-tartaric acid? In meso-tartaric acid? 


TABLE 6-4 Physical Properties of Tartaric Acids 


Specific Rotation Solubility in H5O, 


Compound mp, °C at 25°C g/100 mL 
d-Tartaric acid 170 +11.98° 14705» 
1-Тагќагіс acid 170 —11.98° 14725) 
Racemic acid 206 0 2505) 


12005) 


meso-Tartaric acid 140 0 
———= и 140 


The same stereochemical principles apply to both cyclic and acyclic com- 
pounds. For example, the two chiral centers of cyclopropane-1,2-dicarboxylic 
acid lead to three stereoisomers: a pair of trans enantiomers and one cis form 
which has a plane of symmetry and thus is meso (Fig. 6-34). 


HO,C СО,Н 
HVH 
Meso-cis 
(mp 139°C) 
Mirror plane 
нос н H АА 
H V CO,H HO,C VH 


d- or l-trans 
(mp 175°С) 
Specific rotation +84° 
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We also find that the trans isomer of 1,2-dimethylcyclohexane exists as a 
pair of enantiomers. The diequatorial mirror image forms are markedly fa- 
vored in the conformational equilibria. Even a small contribution by the 
diaxial conformers to the equilibria does not alter the enantiomer relation, for 
these structures are also enantiomeric (Fig. 6-352). 

In contrast, stereochemical relationships in the cis isomer are compli- 
cated by the superposition of conformational equilibration on configuration. 
Thus cis-1,2-dimethylcyclohexane is optically inactive and not resolvable at 
room temperature even though we are able to draw two enantiomeric struc- 
tural formulas (Fig. 6-355). Configurations rapidly become equivalent through 
interconversion of energetically equivalent axial-equatorial conformers. The 
cis isomer is actually a meso compound. 


Stereoisomers of 
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PROBLEM 


6-39 


PROBLEM 


6-40 


a Use molecular models to show that the diequatorial and diaxial mir- 
ror images of trans-1,2-dimethylcyclohexane are different molecules. 


b Do a similar comparison to show that the cis isomer mirror images 
equilibrate. 


Use molecular models and chair conformational drawings to determine 
which of the following compounds are capable of being resolved and 
isolated in optically active forms: 


a trans-1,3-Dimethylcyclohexane d trans-1,4-Dimethylcyclohexane 


b cis-1,3-Dimethylcyclohexane e cis-4-Methylcyclohexanol 


¢ cis-3-Methylcyclohexanol 


. Torsional Asymmetry 


We have already seen that rotation about single bonds of most acyclic 
compounds is relatively free at ordinary temperatures. The nonbonded repul- 
sive interactions associated with adjacent bonds and atoms are very small (Sec. 
6-2). There are, however, some interesting examples of compounds in which 
nonbonded interactions between large groups inhibit free rotation about a 
sigma bond. In some cases the compounds can be separated into pairs of 
enantiomers. Molecular asymmetry results from the inhibition of free rotation 
due to torsional strain. 

Biphenyl compounds have provided the most common examples of tor- 
sional asymmetry. When bulky groups are located at the ortho positions of 
each aromatic ring, free rotation about the single bond connecting the two 
rings is inhibited by nonbonded repulsions. The compound can be separated 
into enantiomers. 


Mirror plane 
CO,H HO,C 
Cl, a 
HO,C COH 
а сї 


Nonbonded repulsion between large groups is not the only basis for 
asymmetry in biphenyl compounds. In another example, angle strain associ- 
ated with twisting rotation about the central single bond prevents intercon- 
version of enantiomers. 
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A rather interesting example of such stereoisomerism is associated with 
hexahelicene. The molecule is twisted, somewhat like a spiral. It can be re- 
solved into remarkably stable enantiomers which correspond to right- and 


left-handed helices. 


Hexahelicene 


Mirror plane 


G. Fischer Projection Formulas 


The difficulty of drawing three-dimensional formulas of molecules in- 
creases with the number of chiral centers. Emil Fischer developed a two- 
dimensional projection formula for carbohydrates and amino acids which we 
can utilize to represent many chiral compounds. One begins with an eclipsed 
conformation of the wedge formula of the compound. The formula is so ori- 
ented that broken wedges are vertical and solid wedges horizontal on the 
two-dimensional surface. The drawing is then flattened into a two-dimen- 
sional projection (Fig. 6-36). Note that the chiral carbon atoms usually are not 
drawn but are represented by the intersection of a vertical and a horizontal 


FIGURE 6-36 
Relationship be- 
tween wedge 


and Fischer pro- 
jection formulas. 
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FIGURE 6-37 
Designation of 
configuration for 
Fischer projec- 
tion formulas of 
2-butanol. 
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line. This simple two-dimensional depiction, the Fischer projection formula, 
can always be related back to the actual three-dimensional molecule. 


Draw Fischer projection formulas for the (2R,3R); (25,3R); and (2К,35) 


configurations of 3-phenyl-2-butanol. 


The assignment of configuration to an asymmetric carbon atom can be 
made directly on a Fischer projection formula without converting the formula 
to a perspective drawing showing three dimensions. Assign priorities (Sec. 
6-4C) to the four atoms bonded to that carbon. Establish the rotational se- 
quence, clockwise or counterclockwise, for priority groups 1, 2, and 3. If the 
fourth priority group is on a vertical line, then the assignment of configura- 
tion is (R) for a clockwise sequence and (S) for a counterclockwise sequence. If 
the fourth priority group is on a horizontal line then the assignment of config- 
uration is (S) for a clockwise sequence and (R) for a counterclockwise se- 
quence. Figure 6-37 illustrates these conventions for some Fischer projections 
of 2-butanol. 


Discuss the logic of the assignment of configuration to the Fischer pro- 


jection formulas in Fig. 6-37. 


Because Fischer projection formulas have a particular relation to а three- 
dimensional picture, their manipulation on the two-dimensional surface is 
quite specific. A 90° rotation of the projection formula about the chiral center 


1 4 
OH H 
3 CH, H4 з СН; Н 1 
2H, GH, 
2 2 
(5) (в) 
3 3 
CH; CH; 
4H OH 1 2 сн, он 1 
CH; H 
2 4 


[7] (в) 
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represents an inversion of configuration of the original structure, as does an 
exchange of the position of any two groups. Figure 6-38 illustrates those rela- 
tions for 2-bromobutane. 


FIGURE 6-38 
Manipulation of 
Fischer projec- 
tion formulas of 
2-bromobutane, 


PROBLEM 
6-43 
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Use models and/or wedge formulas to confirm the relations depicted in 


Fig. 6-38. 


6-6 Summary 


The spatial relations between atoms in a molecule can have a profound 
influence on the physical and chemical properties of their compounds. Iso- 
mers that differ only in the spatial arrangement of their bonded atoms are 
known as stereoisomers. Stereoisomers that readily interconvert at ordinary 
temperatures are conformational stereoisomers. Those that do not easily in- 
terconvert are configurational stereoisomers. 

Rotation about the single bonds of acyclic molecules experiences a very 
low energetic barrier due to torsional interactions as bonds pass in space. 
Nonbonded repulsions occur when atoms not bonded to each other approach 
within their van der Waals radii. Various staggered and eclipsed conforma- 
tions can be envisioned as the relatively free rotation proceeds. 

Rotation about single bonds in cyclic compounds is restricted by the 
structural constraints of the ring. The strain energy of any conformation is the 
sum of angle deformation and torsional and nonbonded interactions. Six- 
member rings exist in nonplanar puckered forms which are essentially free of 
angle strain. The favored chair conformation minimizes nonbonded repul- 
sions between equatorial substituents, but axial groups experience 1,3-diaxial 
interactions which are usually repulsive and energetically unfavorable. Other 
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small-ring and polycyclic compounds exhibit a variety of bonded and non- 
bonded interactions which extend our understanding of angle, bond, and 
torsional strains. 

Molecules that possess carbon-carbon double bonds or cyclic structures 
can exist as geometrical isomers. Geometrical isomerism arises because of 
restricted rotation of groups within these molecules. Because they are usually 
not readily interconverted, geometrical isomers are classed as configurational 
stereoisomers. 

Compounds whose molecules have some type of asymmetry may be 
chiral and lead to a type of configurational isomerism which is normally de- 
tected as optical activity. Stereoisomers whose structural formulas are nonsu- 
perimposable mirror images are known as enantiomers and possess identical 
physical properties but rotate the plane of polarized light equal amounts but 
in opposite directions. Compounds with two or more chiral centers can exist 
as enantiomers as well as non-mirror image stereoisomers known as diastere- 
omers. Certain stereoisomers that possess chiral centers possess internal 
planes of symmetry and are optically inactive. They are known as meso com- 
pounds. 


Supplementary Problems 


Provide an IUPAC name including (R) or (S) stereochemical designation for spearmint 
and caraway (Fig. 6-28). 


Name each of the following compounds and include the Z or E stereochemical desig- 
nation if it is appropriate. 
à CH;CH,CH,CH(CH,)CH=CH, CHa, CHO 


А R CH,CH, CH,OH 
F CH,OH 


Draw the Newman projection formula for one rotamer of each of the following com- 
pounds. Indicate whether the compound can be optically active. 


CH, сн, 
H Br H OH 
a c 
Br H H OH 
CH; Сн; 
CHO CO,H 
Nice We o 


6-49 


6-50 


6-51 


6-52 


6-53 
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Assign an (R) or (S) designation to each of the following molecules: 


Pe i 
с а 
НО? ^H Glare 
3 
сн, y 
bi yC „Сы! 
Bm СІ H"/ "CHO 
3 
C=CH CO,H 
c | 


с ее 
сн] "CH—CHCH, H"/ “сосн, 
C,H; HO 
For the molecule 5,5-dichloro-2-cyano-3-methyl-4-cyclohexanonecarboxylic acid: 
a How many stereoisomers are possible? 


b How many pairs of enantiomers are expected to exist? 
c Draw the preferred conformation of the most stable isomer. 


a Use Newman projection formulas to draw the three important conformers of 1,2- 


dibromoethane. 
b Label each conformer by following the convention that indicates the spatial relation 


between the bromine atoms. 
c Draw a potential energy versus angle of rotation graph that shows the relation 


between rotamers. 


a How many chiral carbon atoms has 2,3-diphenylbutane? 

b How many stereoisomers are actually observed? 

c Use Fischer projection formulas to draw all the actual stereoisomers. (Use the con- 
vention that the longest carbon chain is drawn vertically.) 

d Indicate the structures which are optically active. 

e Assign an (К) or (5) designation to the asymmetric carbon atoms of each structural 
formula in part c. 


Explain the experimental observation that A forms intramolecular hydrogen bonds 
and B forms only intermolecular hydrogen bonds. 


C(CH3)s C(CH3); 
OH OH 
A B 


a Draw a structural formula for the most stable conformation of cis-1-tert-butyl-4- 
methylcyclohexane and of cis-1-tert-butyl-3-methylcyclohexane. 

b Use the data of Table 6-2 to calculate the approximate energy difference between the 
favorable chair conformations of part a and their less favorable conformations. 


Draw the two chair conformational formulas of each of the following compounds. 
Indicate which conformer, if either, is the more stable and then arrange the six com- 


pounds in order of decreasing stability. 
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6-54 


6-55 


6-56 


6-57 


6-58 


6-59 


6-60 


а cis-1,2-Dimethylcyclohexane d trans-1,3-Dimethylcyclohexane 
b trans-1,2-Dimethylcyclohexane ^ e cis-1,4-Dimethylcyclohexane 
€ cis-1,3-Dimethylcyclohexane f trans-1,4-Dimethylcyclohexane 


Use Newman projection formulas to assess the relative stabilities of the isomers of 
tartaric acid (Figs. 6-32, 6-33). 


Draw structural formulas for each of the following pairs of compounds and predict 
which of the pair is the more stable: 

а Z- and E-2-Pentene 

b Z- and E-2-Phenyl-2-butene 

с cis- and trans-1,2-Dimethylcyclopentane 

d Z- and E-1-Phenyl-2,3,3-trimethyl-1-butene 


Write all the unique stereoisomers that correspond to the following formula. Indicate 
which compounds, if any, are not optically active. 
CHCI 


сна “на 


CHCI—CHCI 


Quaternary ammonium salts and amine oxides that have four different groups on the 
nitrogen atom can be resolved into optically active enantiomers. Use the Cahn-Ingold- 
Prelog priority system to assign an (R) or (S) designation to the following chiral com- 
pounds: 


Z em. de 
ps 29: 
CHN, с- CHN, 
\сн,сн, с.н, 
Сн, CH(CH;); 


The heterocycle N,N'-dimethylpiperazine can be approximated by cyclohexane-like 
chair conformations. 

a Draw the conformers. 

b Indicate which conformers are expected to have a dipole moment. 


CHN Мсн, 
NEA 
N,N -Dimethylpiperazine 


Explain the fact that ricinoleic acid can exist as four optical isomers even though the 
molecule has only one asymmetric carbon atom. 
oH 
CH,(CH,),CHCH,CH=CH(CH,),CO,H 
Ricinoleic acid 


A naturally occurring alcohol, CsH;20, was found to exhibit an optical rotation of 
+49.5°. On catalytic hydrogenation the alcohol absorbed 1 mol of hydrogen to form a 
new alcohol which was optically inactive. Write a structure for the natural alcohol and 
its hydrogenation product. 
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6-61 Examine each group below and predict which compounds are chiral. 
(a) Biphenyls 


COH HO,C HO,C Ра 
О. „NO: „NO: 
HO,C OH NO; 
a NO; b O.N с HO,C 


(b) Paracyclophanes 
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A. Drawing Resonance Structures B. Contributions of Resonance 
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D. Stabilization in Polyenes 

Summary 


Supplementary Problems 


7-1 


We have already seen that functional groups are commonly the major 
factors in controlling the physical properties of compounds. They also ac- 
count for the reactivity characteristics of organic compounds. Yet not all car- 
boxylic acids have identical pK, values, nor are all amines identical with each 
other in basicity. 

One very important observation of chemistry is that the positions of 
acid-base equilibria or the rates of chemical reactions may be strongly depend- 
ent on the nature and arrangement of atoms attached to functional groups. 
Structural effects on reactivity are generally divided into three categories: in- 
ductive (or electrostatic) effects, steric effects, and resonance (or conjugation) 
effects. Let us see how these parameters influence the reactivity of organic 
compounds. 


Structural Effects on Acidity and Basicity 


In Chap. 4 we looked at the properties of acidity and basicity. We saw 
that the positions of equilibria are related to the free-energy difference be- 
tween products and reactants. Now let us consider how structural changes 
can affect those energy relations and alter the positions of acid-base equilibria 


for organic compounds. 


. Inductive Effects 


Polarization of one bond by the influence of an adjacent polar bond or 
group is known as the inductive effect. Inductive effects can be attributed to 
dipolar interactions through the bonds of a molecule. For example, the elec- 
tronegative chlorine atom of chloroethane attracts electron density from the 
carbon atom to which it is attached and creates a permanent dipole. The 
carbon-chlorine dipole influences the adjacent carbon atom by its electron- 
withdrawing inductive effect. Inductive effects are greatest for adjacent 
bonds and decrease rapidly with the distance between interacting groups. 

— < 
CI—CH,—CH, 
Chloroethane 
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FIGURE 7-1 
Relative energies 
for acetic and 
trichloroacetic 
acid dissocia- 
tions (acids arbi- 
trarily set equal 
in energy for 
comparison). 


Structural Effects on Reactivity Resonance 


The results of substitution of a halogen atom on the molecule of a car- 
boxylic acid illustrate the inductive effects of electronegative atoms on acidity 
(Table 7-1). We see that an iodine atom increases the acidity of acetic acid by a 
factor of 50. Similarly, chloroacetic acid is about 100 times, trichloroacetic 
about 10,000 times, and trifluoroacetic acid almost 100,000 times more acidic 
than acetic acid. The pK, values of 2-, 3-, and 4-chlorobutanoic acids illustrate 
how inductive effects decrease with the distance between interacting groups. 


TABLE 7-1 Inductive Effects of Halogen Atoms on 


Acid Strength 

Acid Structure PK,(H20) at 25°С 
Acetic CH3CO;H 4.76 
Iodoacetic ICH;CO;H 3.12 
Chloroacetic CICH,CO2H 2.85 
Trichloroacetic ClCCO2H 0.7 
Trifluoroacetic F4CCO;H 0.23 
Butanoic CH3CH;CH;CO;H 4.81 
2-Chlorobutanoic = CH3CH;CHCICO;H 2.86 
3-Chlorobutanoic CH3CHCICH;CO;H 4.05 
4-Chlorobutanoic CICH;CH;CH;CO;H 4.52 


We know that the differences in pK, values are a measure of the differ- 
ences in energies between acids and their conjugate bases (Sec. 4-1B). How, 
then, do the inductive effects of halogen atoms so change the energy differ- 
ences as to enhance the acidities of carboxylic acids? 

A qualitative picture of the role of inductive effects in determining acid- 
ity is obtained if we assume that electron-withdrawing groups stabilize the 
negative charge of the carboxylate anion. Consider trichloroacetic acid. The 
positive ends of the carbon-chlorine dipoles electrostatically interact in a fa- 
vorable way with the negative charge on the adjacent carboxylate. 


a 
CIe-EC— COT 
CI 


H 
more favorable than H7C—CO; 
H 


The consequence is that trichloroacetate is more stable relative to trichloroa- 
cetic acid than acetate is relative to acetic acid (Fig. 7-1). 
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Another way to explain the greater acidity of trichloroacetic acid rela- 
tive to acetic acid is to recognize that inductive effects take place in the 
acids as well as the conjugate bases. Interactions between the C—CI 


dipoles and the —CO;H group are assumed to be energetically unfa- 
vorable. Draw an energy diagram for the experimental results which is 
consistent with this explanation. 


Account for the differences in magnitude of the effects of iodine, chlo- 


rine, and fluorine atoms on the acidity of acetic acid. 


Halogen atoms are only one of the many electron-withdrawing groups 
that we will encounter in organic compounds. With the exception of the metal 
atoms of organometallic compounds, most heteroatoms found in organic 
compounds are more electronegative than carbon (Sec. 2-3A) and therefore 
have an electron-withdrawing inductive effect. Positively charged groups and 
most unsaturated groups fall into this category also. 

Electron-donating inductive effects require that substituent groups 
either carry a negative charge or possess a dipole with the negative end di- 
rected toward the reaction center. Cases of the latter are rare. Alkyl groups 
are commonly classified as weakly electron-donating, though there is evi- 
dence that their effect may be either electron-donating or -withdrawing rela- 
tive to a hydrogen atom. Table 7-2 summarizes the inductive effects of some 


common groups. 


TABLE 7-2 Inductive Effects of Various Groups 


Electron-Donating Electron-Withdrawing 
Er р —CO,H LY 
ел 
—CH; СІ CO,R No 
7 
A, 
—COz —Br ЕЕС 8.7 
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4 
EN 
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PROBLEM 
7-3 


PROBLEM 
7-4 


PROBLEM 


7-5 


The acidity of 2,2,2-trifluoroethanol (pK, = 12.4) is about 1000 times 
greater than that of ethanol (pK, — 16.0). Provide an explanation for the 
difference and draw a diagram of relative energies for the two cases 
which will illustrate the effect. 


The electron-withdrawing inductive effect of alkenyl and alkynyl 
groups has been attributed to the hybridization at the unsaturated car- 
bon relative to a saturated carbon atom. Discuss the rationale behind 
this idea. 


The pK, values of dicarboxylic acids illustrate rather interesting dipolar 
effects on acidity. Ionization of the first proton is enhanced by the electron- 
withdrawing influence of one carboxy group on the other. Furthermore, the 
conjugate base may be stabilized by intramolecular hydrogen bonding be- 
tween the hydroxy hydrogen atom and the carboxylate anion. 


e en C ? 
e ea E 
E H 
à ОН pon B D 
\ Z 
bs O No C 
ES 
[9] 


Thus the acidity is usually greater (the pK, value is less) than that of a corre- 
sponding monocarboxylic acid. However, the dissociation of the second pro- 
ton leads to unfavorable repulsion when negative charges of the two carbox- 
ylate anions are close to one another. Therefore, the second ionization 
constant is usually less than that of a monocarboxylic acid (Table 7-3). 


TABLE 7-3 Acidities of Dicarboxylic Acids 


Name Structure рка РКаз 
Oxalic HO;CCO;H 1.23 4.19 
Malonic HO;CCH;CO;H 2.83 5.69 
Succinic HO5C(CH;5;CO;H 4.16 5.61 
Glutaric HO 3C(CH2)3;CO,H 4.34 5.41 


Maleic Z-HO;CCH—CHCO;H 1.83 6.07 
Fumaric = E-HO;CCH—CHCO;H 3.03 4.44 


Give IUPAC names to each of the dicarboxylic acids in Table 7-3. 


PROBLEM 
7-6 


PROBLEM 
7-7 


B. 
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Provide an explanation for the relative рК and рК values of maleic 
and fumaric acids. 


At a pH of about 5, the amino acid glycine (HNCH;CO;H) exists in 
aqueous solution as an internal salt (zwitterion). Suggest a structure for 
the zwitterion of glycine. 


Steric Effects on Solvation 


Structural effects which arise from spatial interactions between groups 
are known as steric effects. We have previously seen that nonbonded repul- 
sions, both electronic and steric, can influence the conformations of molecules 
(Sec. 6-2). Steric effects may also play a role in controlling acidity. 

Steric hindrance to solvation caused by the bulk of the acid or of the 
solvent can inhibit solvent stabilization of the conjugate base (Sec. 4-1C). 
Acidity is thereby lowered. For example, crowding markedly limits the ability 
of solvent to approach and stabilize the carboxylate anion of the second reac- 
tion below, resulting in a higher pK, than for the first reaction. 


50% Н,0-50% MeOH 
023-220 


CH,CO,H CH,COg + H,O* рк, = 56 


CH; CH; 


| 
CH,—C—CH, сн, CH,-C—CH, 
50% Н,О-50% MeOH 
CH;—C—CO,H 2 = 


| CH,C—CH,—C—CO; + H;O* рк, = 7.0 
CH, CH; Н; 
Amines exhibit a similar steric inhibition of solvation. The order of base 
strength for methylamines in water is 
(CH,),NH > CH,NH, > (CH) N 
In this series, solvent stabilization is more important for the conjugate acids, 


the charged species, than for the amines. Trimethylammonium ion is steri- 
cally the most hindered conjugate acid and therefore its stabilization by sol- 


vent is least effective. 


CH, CH, 
CH,—N: +H,O0 == CH,ZN—H -OH 
CH; CH, 


We see that the first two amines in the series are opposite in order to 
what would be predicted from steric considerations. Here both steric and 
inductive effects play a role. Inductive electron donation by methyl groups 
(Sec. 7-1А) enhances electron density on the nitrogen atom and thus increases 
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PROBLEM 


7-8 


PROBLEM 


7-9 


PROBLEM 


7-10 


basicity. The basicity of dimethylamine benefits more from the electron- 
donating effect of two methyl groups than it loses from steric inhibition of 
solvation, thus it is more basic than methylamine. 

The influence of solvation is best illustrated by basicity measurements of 
this same series of amines carried out in the gas phase. The order 


(CH,),N > (CH,),NH > CH,NH, 


is exactly what would be predicted from inductive effects in the absence of 
solvation. 


When the acidities of tert-butyl alcohol and methanol are measured in 
the gas phase, the tertiary alcohol is found to be the stronger acid. This 


result is opposite to that observed in an aqueous medium. Consider 
solvation effects to account for these different results. 


When the Lewis acid triethylborane is used to measure relative basici- 
ties of the methylamines, R,N: + B(Et), == R,N—B(Et), the order of 


basicity is CH,NH, > (CH,),NH > (CHjN. 
Suggest an explanation for this order as compared with the gas 
phase amine basicities toward a proton. 


Intramolecular hydrogen bonding, bonding between atoms of a single 
molecule, also can influence acidity, The carboxylic acid group of o- 
hydroxybenzoic acid (salicylic acid) is about 40 times more acidic than 
that of p-hydroxybenzoic acid. 


a Draw structural formulas that account for those observations. 


b Account for the fact that the second ionization of these hydroxyben- 
zoic acids (dissociation of the hydroxy proton) is more favorable for 
the para isomer. 


. Resonance Effects 


Brénsted acidity of carboxylic acids is a result of dissociation of the O—H 
bond. Alcohols also possess O—H bonds that can dissociate, yet they are less 
acidic than carboxylic acids by a factor of about 10!!. The acidities of ethanol 
and acetic acid illustrate these differences. 
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CH,CH,OH + НО == CH,CH,O:---H,O* рк, = 16 


© б 
Z^ £ 
CHC" +Н,0 == H HOt pK = 48 
OH O:- 


Inductive effects tend to be small and cannot account for such a large differ- 
ence in acidity of the two kinds of hydroxy groups. Let us look more carefully 
at the structures of these acids and their conjugate bases. 

The alcohol and related alkoxide (conjugate base) possess physical and 
spectral properties consistent with our usual bond-line or Lewis dot represen- 
tations of these species. The same is true of the carboxylic acid, the infrared 
spectrum (appendix) of which clearly indicates carbonyl and hydroxy groups. 
But spectral data on the carboxylate anion do not show the expected carbon— 
oxygen double and single bonds. Evidence suggests that the two carbon- 
oxygen bonds are equivalent and that the electrons which account for the 
negative charge are shared by the carbon and both oxygen atoms. A structural 
formula drawn with broken-line bonds can be used to depict the sharing of an 
electron pair in the carboxylate anion of acetate. 

О: 
|. 
О: 

Modified structural formulas of this kind do not clearly account for the 
electron octets normally associated with each atom. Carboxylate anions and 
many other ions and molecules are poorly described by conventional formu- 
las. The concept of resonance accounts for the anomalies by representing the 
structure as a hybrid of "normal" bond-line structures. 


B 5:- 

сн — CHIC. 

jan о 

yd gis 

The resonance hybrid of acetate anion 
The true structure of acetate ion is represented neither by formula A nor 
by formula B, but by a resonance hybrid. The formulas A and B are com- 
monly called resonance structures and represent contributions to the actual 
resonance hybrid. The double-headed arrow («») is used to interrelate the 
contributing structures of a resonance hybrid and should not be confused 
with the two opposing arrows (=) that indicate an equilibrium. It is very 
important to recognize that the resonance hybrid has the same structure all 
the time and does not alternate between the contributing resonance struc- 
ев. 

T A common analogy to a resonance hybrid is a rhinoceros as some combi- 
nation of unicorn and dragon. The rhinoceros is a real animal (the resonance 
hybrid), whereas the unicorn and dragon are fictional (the contributing reso- 


nance structures). 
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Resonance theory was developed from the concepts of quantum me- 
chanics. The theory indicates that an electron pair may actually contribute to 
the bonding of more than two nuclei. Such electrons occupy a volume larger 
than that which is implied by the common structural formulas and are said to 
be delocalized. A very important result of the mathematical derivation is that 
electron delocalization is energetically favorable. The actual electron-delo- 
calized species—a resonance hybrid—is energetically more favorable than 
are any of the contributing resonance structures. 

The enhanced acidity of carboxylic acids relative to alcohols can there- 
fore be attributed to delocalization of the electron pair of the carboxylate ion. 
The conjugate base of a carboxylic acid is relatively more stabilized compared 
with the acid than an alkoxide anion is relative to an alcohol. Figure 7-2 illus- 
trates the effect of resonance on the energy relations for the acidity of acetic 
acid. 


The Resonance Method 


Delocalization of electrons is most often associated with conjugated mol- 
ecules (Sec. 3-1E). This is consistent with our orbital picture of a carbon- 
carbon unsaturated bond which depicts interacting parallel p orbitals on 
adjacent atoms, a pi bond (Sec. 2-6B). When we look at an orbital description 
of a conjugated molecule with its alternate double and single bonds, we see 
that p orbitals are located on each successive carbon atom. Electrons in these 
pi bonds can interact throughout the conjugated system. 


== HH 


In the following section we will explore the basis for drawing and using 
resonance structures. It is important to remember that the resonance ap- 
proach is a rationale for experimental observation. It provides a method for 
using ordinary bond-line notation to represent molecules that cannot be ade- 
quately described by a single structure. 


FIGURE 7-2 
Resonance and 
the acidity of 
acetic acid. 
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Draw a picture of interacting atomic p orbitals for the carboxylate anion 


by following the assumption that the oxygen, carbon, and oxygen 
atoms provide one orbital each. 


А. Drawing Resonance Structures 


The drawing of resonance structures follows rules derived from the ap- 
plication of quantum-mechanical calculations to molecular structure. The fol- 
lowing rules provide a guide for formulating resonance structures and evalu- 
ating their importance. 

Resonance structures imply only movement of electrons, never move- 
ment of nuclei. 

Atoms remain in the same relative positions in every resonance struc- 
ture drawn to represent a particular resonance hybrid. The small differences 
between single- and multiple-bond lengths for the contributing structures are 
not associated with atom movement in the resonance method. We saw that 
acetate anion, for example, is represented by two identical structures in which 
the positions of the single and double bond are interchanged. 

The movement of multiple bonds and nonbonded electrons depicted by 
a resonance structure represents the delocalization of electrons along a conju- 
gated system. Itis often helpful to follow such electron delocalization through 
a molecule by using curved arrows (Sec. 5-10). When in doubt about the 
validity of a resonance structure, remember that the structure must represent 
interactions between orbitals on adjacent atoms. Second-row atoms must not 
exceed an electron octet, and formal charges (Sec. 2-3C) should be indicated. 
In the structures below, electron movement is toward the most electronega- 


tive atoms. 
CH,=CH-CAN: <> CH, ZCH»-C-N:- «> CH,-CH-C-N:- 
Propenenitrile (acrylonitrile) resonance structures 


: à 
# y м 47> 
(CH),N—CH-CH-Q > (CH)N—CH=CR U «> 
H H 
Or О:- 
(CHN XH- CH э <> (CH,),N=CH—CH RU 
H H 


3-Dimethylaminopropenal resonance structures 


Since resonance involves only the delocalization of electrons within a 
conjugated system, the initial pairing of those electrons remains unchanged. 
Resonance structures must have the same number of paired (or un- 


paired) electrons. 
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PROBLEM 
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CHCA- < -CH,—CH=CH, 
Allyl free radical 5-1E) 
я 


Draw resonance structures for each of the following: 
a CH,C=N 


о 
b cH,cH, Cuz 


о 
= | 
c: ён,сн=сн—Ссн, 


B. Contributions of Resonance Structures 


The resonance method provides a convenient and widely used tech- 
nique for representing the delocalization of electrons in conjugated mole- 
cules. It is important to remember that a resonance hybrid is only a single 
molecule with delocalized electrons; it is not an interconverting or "resonat- 
ing" mixture of separate structures. 

We are, however, interested in which contributing structure or struc- 
tures provide the best description of the actual resonance hybrid: the real 
molecule. The two resonance structures of the acetate anion are energetically 
identical and would be expected to contribute equally to the hybrid. The 
actual molecule is indeed known to possess a structure with equal C—O bond 
lengths which can be considered an average of the contributing structures. 

The resonance structures of a carboxylic acid group present a different 
picture. 


gg Ө:- 
Ch-C CHC 
(OH OH* 


Formal charges have been generated in the delocalization of electrons which 
leads to resonance structure D, though the total charge on the molecule re- 
mains unchanged. The charge-separated structure D is not a very important 
contributor to the resonance hybrid. The actual structure of acetic acid is 
expected to be much like the one we would predict from resonance struc- 
ture C. 

Resonance structures in which charge has been generated are normally 
less important contributors to the resonance hybrid. 
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Structures in which charges are formally separated can, however, make 
some contribution to the resonance hybrid of an electrically neutral molecule. 
Their contributions are reflected in the dipolar character and reactivity of 
many organic compounds. Reactivity patterns suggest that charge-separated 
resonance structures contribute when negative charge is located on the more 
electronegative atoms and second-row elements maintain their electron oc- 


tets. 
Heo: -> H,C—O: — HC ©: 
Most important ^ Less important Not important 
Methanal (formaldehyde) resonance structures 
несин Зе CH SS нетен, 
Most important Not important 
Ethene (ethylene) resonance structures 
(6: [on ‘о 
yo У 
сн,=сн С" 2 CH, CH — Сні-сн=С < 
b: “н н 
Most important Less important 
+ + 
О; О: 


35. - О 
саен =; к, 


Not important 


Propenal (acrolein) resonance structures 


PROBLEM Draw the interacting atomic p-orbital picture for the 7 system of acro- 
7-13 lein. 


PROBLEM Draw resonance structures for the following compounds and indicate 
7-14 which structures are more or less important contributors to the reso- 


nance hybrid: 
a H,N—C=N 
b H,C=NH, 
с COj- 


ўы 
d сн,бёнёсн, 
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PROBLEM Explain why A is less important than B as a contributor to the reso- 


7-15 


nance hybrid. 
CH,CH,CH—OCH, «— CH,CH,CH—ÓCH, 


A B 


C. Resonance Versus Tautomerism 


PROBLEM 


7-16 


The term tautomerism designates a rapid and reversible interconversion 
of isomers associated with the actual movement of electrons as well as of one 
or more hydrogen atoms. The most common examples of tautomerism in- 
volve the shift of a proton between a carbon and an oxygen or nitrogen atom. 
The process can usually be represented as an internal acid-base reaction, 
though protons are usually scrambling between many molecules. 

hd po) T 
CH,C—CH—CCH, == CH,C=CH—CCH, == CH,C—CH=CCH, 
2,4-Ретапейіопе tautomerism 


Y- 


Cyclohexanone tautomerism 


Tautomerism must not be confused with resonance. Each tautomeric 
structure is capable of independent existence and potential isolation. Tauto- 
meric structures represent real compounds, whereas individual resonance 
structures do not. The two opposing arrows used to interrelate tautomers 
indicate an equilibrium relation. 


Indicate which of the following pairs of structures represent tautomers 
or resonance hybrids: 


OH О 
Qu s Q 
OH [0] 
OH H 
NOME 
HO OH HO OH 
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CH,O: сњо : 
à % 
ссн, САН), аа сн, N(CHJ, 
он 
7 
а (син,),СнК _ and «Сену, E 
aed in 


о ОН 
М N. 
H 


7-3 Aromatic Compounds 


In Chap. 3 (Sec. 3-1E), benzene and its analogs were introduced as a 
special class of conjugated polyenes known as aromatic compounds. We 
learned that the positions of the double bonds in the aromatic ring are not 
designated by nomenclature rules as they are for other alkenes. Let us now 
briefly consider how resonance can account for those conventions. The chem- 
istry of aromatic compounds will be considered in detail in Chaps. 17-19. 


A. Representations of Benzene 
Kekulé proposed a cyclic structure for benzene in 1865 (Sec. 1-1). 
Though he first drew the structural formula for benzene as a simple hexagon, 
alternate double bonds were added a year later to account for the tetravalent 
character of the carbon atom. The latter Kekulé formula is still the common 
representation for benzene. 


H 
H H H H 
H H H H 
H 
Kekulé structure of benzene Kekulé structure in 1866 
in 1865 


The cyclic array of alternate double and single bonds in benzene provides one 
of the most important examples of resonance. Simple interchange of the dou- 
ble and single bonds leads to a second Kekulé structure. The two Kekulé 
structures are energetically equivalent. Like the carboxylate anion with its 
equivalent resonance structures (Sec. 7-1C), the liquid hydrocarbon known as 
benzene has chemical properties that correspond to neither of the Kekulé 
structures. Benzene is a resonance hybrid. 
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FIGURE 7-3 
Interacting 
atomic p orbit- 
als in benzene. 


О © 
Resonance structures of benzene 


A better idea of what the resonance hybrid represents in terms of bond- 
ing is obtained through consideration of an orbital picture of the conjugated 
molecule. When we represent the pi molecular orbitals of benzene by combin- 
ing atomic p orbitals, it becomes clear that there is no difference between the 
actual carbon-carbon bonds; all are equivalent (Fig. 7-3). 

A representation of benzene that relates to the orbital picture is a closed 
circle within a hexagon. That formula indicates an equal interaction between 
the pi electrons, and it is simpler to draw it than to draw both Kekulé formu- 
las or the more cumbersome orbital picture for benzene. 


О 


Delocalized representation 
ol 

A disadvantage of the delocalized representation is that it does not indi- 
cate the number of bonding electrons as does either Kekulé formula. Because 
the reactions of benzene and related benzenoid compounds commonly in- 
volve the pi electrons (Chap. 17), a formula showing single and double bonds 
is more useful for developing reaction mechanisms. We will normally use 
either one of the equivalent Kekulé formulas to represent benzene. 


. Resonance Structures of Aromatic Compounds 


When we draw the resonance structures of a compound containing an 
aromatic group, resonance of the aromatic group as well as of any other un- 
saturated portion of the molecule must be considered. Toluene (methylben- 
zene) is represented by two energetically equivalent Kekulé structures. The 
saturated methyl group is not normally involved. 


PROBLEM 


7-17 


PROBLEM 


7-18 
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CH; CH; 


um 


Resonance structures of toluene 


The polycyclic aromatic compound naphthalene is represented by three 
resonance structures. In this example, two of the three structures are energet- 
ically equivalent. 


Resonance structures for naphthalene 

Benzaldehyde, an aromatic aldehyde, is represented by resonance struc- 
tures for the aromatic ring, by a charge-separated resonance structure for the 
aldehyde group, and by a combination of the two. Note that we normally 
represent carbonyl group resonance only by those charge-separated struc- 
tures that place the negative charge on the oxygen atom (Sec. 7-2B). The last 
three structures involve charge delocalization into the ortho and para posi- 
tions of the aromatic ring. Though these structures are minor contributors to 
the resonance hybrid of benzaldehyde, they are conceptually very important 
for understanding much of the chemistry of aromatic compounds. 


O45 S ON = 
Qe Oe OR 


4+ 
Resonance structures for benzaldehyde 


Methoxybenzene (anisole) has nonbonding electrons in the oxygen 
atom that can be delocalized into the aromatic ring. 


a Draw resonance structures for anisole. Use curved arrows to show 
the movement of electrons as you generate the structures. 


b Comment on the relative importance of your resonance structures. 


Draw resonance structures for each of the following: 
+ 20: 
а ~O:- 
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PROBLEM 


7-19 


Resonance is probably the most important concept used to relate struc- 
ture to chemical properties. We have seen how the difference in acidity be- 
tween alcohols and carboxylic acids can be attributed to resonance stabiliza- 
tion within the carboxylate anion. When pi or nonbonded electrons are 
located on atoms adjacent to a functional group, very important interactions 
also occur. In fact, delocalization of electrons between functional groups sepa- 
rated by many atoms of a conjugated system leads to some of the most inter- 
esting structure-reactivity effects in organic chemistry. 


. Functional Group Interactions 


Let us again consider the hydroxy group. Though hydroxy has a pK, 
value of about 16 when attached to a saturated carbon atom, the pK, value of 
an aromatic alcohol—a phenol—is near 10. 


n x 
CH,CH,OH + НО = CH,CH,O:-+H,O+ К, 2210716 рк, ~16 


os к $e 
C rm me (у оао К. 2210-10 рк, 2210 


Phenols аге more acidic than alcohols because the conjugate Базе (a phenox- 
ide) is stabilized by resonance. Note that charge is not generated in this reso- 
nance description of phenoxide. Charge is delocalized, an energetically favor- 
able process. 


уе 
ү, 


UTSE тай 


Resonance structures can be formulated for phenols as well as for the 


corresponding phenoxides. 
a Draw the resonance structures for phenol. 


b Why are phenols more acidic than alcohols if both the phenol and the 
phenoxide can be represented by resonance structures? 


c Draw an energy diagram to illustrate your answer to part b. 


PROBLEM 
7-20 
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А Anilines (aminobenzenes) also exhibit the influence of resonance on 
their basicity. However, in this case the result is that anilines are weaker bases 
than aliphatic amines. 


CH,NH, + HO == CH,NH, + OH- K, = 37 x 10-4 
Methanamine 
(Methylamine) 


(Ns, + но == у, +ОН-  K,—43 x 10-1? 


Aniline 


Although at first it may seem that resonance in anilines has an opposite effect 
than does resonance in phenols, examination of specific reactions shows us 
that the results are indeed consistent. The difference is that it is the aniline, 
not its conjugate acid, which is stabilized by resonance. Resonance stabiliza- 
tion favors the reactant rather than the product in the acid-base reactions of 
aromatic amines. 


a Draw resonance structures for aniline and its conjugate acid, the ani- 
linium ion. 


b Draw an energy diagram to illustrate the fact that anilines are weaker 
bases than aliphatic amines. 


p-Nitrophenol, a substituted phenol, is even more acidic than phenol. It 
is clear that the only structural variation, a nitro group, must account for that 
difference. Although we have learned that nitro is inductively an electron- 
withdrawing group, stabilization of an electron pair of the phenoxide oxygen 
atom occurs over a distance too great for a direct inductive effect. 

Transmission of electronic effects over long conjugated systems is an 
important result of the resonance phenomenon. To represent the resonance 
hybrid of p-nitrophenoxide, we must draw structures depicting the aromatic 
and nitro resonance as well as charge delocalization between those groups. 


-: О 
ae rep es T 
“к »-CoM-- 
dg 
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The pK, value for m-nitrophenol is 9.3, and that for the para isomer is 


7.2. Provide an explanation for the difference in effect of the para and 
meta nitro groups. 


Atoms and functional groups can be organized according to their ability 
to donate or withdraw electrons by resonance (Table 7-4). The inductive 
(Table 7-2) and resonance effects of many groups are in the same direction. 
Other groups exhibit opposite effects in the two cases. Generally we find that 
atoms which are more electronegative than carbon and which also have non- 
bonding electrons possess opposing characteristics. The halogens illustrate 
these opposing effects. 


| a] 
Inductive Resonance 


The data of Tables 7-2 and 7-4 provide a qualitative comparison of the 
electronic influence of functional groups. In Chap. 17 the results of these 
effects will become even more obvious in relation to aromatic substitution 
reactions. We will also find that a useful quantitative measure of substituent 
effects has been developed through use of the Hammett linear free-energy 
relation (Sec. 17-3). 


TABLE 7-4 Resonance Effects of 
Various Groups 


Electron-Donating Electron-Withdrawing 


PROBLEM 
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There has been some suggestion that the hydroxy group of a carboxylic 
acid might be more acidic than that of an alcohol because of the induc- 
tive effect of the adjacent carbonyl group. Use the pK, value of the 
hydroxy ketone below to discuss this idea in terms of inductive and 
resonance effects. 


О. он 


pK, = 5.2 


Account for the differences in dipole moments of the following amine— 
amine oxide pairs: 


н; ut 
(CH,),N and — (CH,),N—O: 
Trimethylamine Trimethylamine oxide 
m и = 540 

+ 


Су : and (27 


іле Pyridine oxide 
rd D p=42D 


Spatial requirements for resonance within a molecule are quite impor- 
tant. Delocalization of electrons is most effective when the axes of the inter- 
acting p orbitals of adjacent atoms are parallel. This requires that the sigma 
framework of the conjugated portion of the molecule be planar. 

Consider, for example, the effect of an ortho substituent on the basicity 
of N,N-dimethylaniline. We saw that anilines are less basic than aliphatic 
amines because the nonbonding electrons on nitrogen are delocalized into the 
aromatic ring. The methyl groups and aromatic ring of N,N-dimethylaniline 
must be coplanar (in the same plane) if maximum overlap is to occur between 
the orbitals of nitrogen and of the aromatic ring. Substitution of a methyl 
group at the ortho position inhibits coplanarity, and resonance is decreased. 
The effect, usually called steric inhibition of resonance, results in less delo- 
calization of electrons from the nitrogen atom and an increased basicity for 
o-N,N-trimethylaniline as compared with N,N-dimethylaniline (Fig. 7-4). 


Draw an energy diagram depicting the energies of N,N-dimethylani- 
line and o-N,N-trimethylaniline relative to their respective conjugate 


acids. 
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FIGURE 7-4 
Drawing show- 
ing decrease in 
orbital overlap 
between nitro- 
gen atom and 
aromatic ring in 
Changing from 
N,N-dimethylani- 
line to o-N,N- 
trimethylaniline. 


B. Resonance Energy and Aromaticity 


Resonance is always a stabilizing factor. The difference in energy be- 
tween the actual molecule or ion (a resonance hybrid) and that suggested by 
the best of the resonance structures is known as the resonance energy or 
delocalization energy. Resonance energies can only be approximated. It is 
usually possible to obtain some measure of the energy of the real molecule 
(the resonance hybrid), but any value for the best resonance structure (not a 
real molecule) must be an estimate. 


PROBLEM Calculate the approximate resonance energy of the carboxylate anion at 
7-25 25*C by assuming that the difference in acidity between an alcohol and 
a carboxylic acid is due only to resonance. 
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Some of the most striking examples of resonance stabilization are exhib- 
ited by the large class of naturally occurring and synthetic substances known 
as aromatic compounds, of which benzene is the parent structure. The label 
"aromatic" originated from the characteristic aromas associated with many of 
these compounds. To the modern chemist the term aromaticity denotes spe- 
cific chemical and physical properties and does not refer to the odor of the 
compounds. 

The experimental consequence of aromaticity—a relatively low chemi- 
cal reactivity—was evident to chemists of the nineteenth century. The reac- 
tions that are the classical tests for unsaturation, such as bromine addition 
(Sec. 4-2A) and permanganate oxidation (Sec. 15-3E), do not normally take 
place with benzene. Similar stability is observed when other reactions "'typi- 
cal” of alkenes are attempted with benzene or its derivatives. When reaction 
does occur, often in the presence of a catalyst, aromaticity is preserved by a 
substitution process. There is a special stability associated with the reso- 
nance of aromatic compounds. 

One method for experimentally determining the extent of the stabiliza- 
tion of benzene by resonance is to measure the heat of hydrogenation of 
benzene to cyclohexane and then to compare the value with that of some 
model compound. The hydrogenation of cyclohexene is usually chosen for 
comparison. Cyclohexene contains a single, nonconjugated double bond in a 
six-member ring and gives the same product, cyclohexane, on catalytic hydro- 


genation. 
E bs H, Catalyst 
AH 


° = —28.4 kcal/mol (— 119 kJ/mol) 


Benzene + 3H; Сө, 


AH? = —49.3 kcal/mol (—206 kJ/mol) 


An assumption for this comparison is that the double bond of cyclo- 
hexene represents one-third of the double bonds in a hypothetical nonconju- 
gated benzene molecule. Thus the model predicts a heat of hydrogenation 
for benzene of 3 X —28.4kcal/mol = —85.2 kcal/mol (3 х —119 kj/mol = 
—357 kJ/mol). The actual heat of hydrogenation of benzene is —49.3 kcal/mol 
(—206 kJ/mol). The difference, 36 kcal/mol (151 kJ/mol), is often said to be the 
stabilization energy, or resonance energy, of benzene. 

It is important to understand that the magnitude of the calculated reso- 
nance energy depends on the experimental model chosen as the standard. 
Cyclohexene represents an isolated double bond within a ring, and it is con- 
sidered to be a nonconjugated standard for one-third of a benzene molecule. 
When the double bonds of 1,3-cyclohexadiene are regarded as the standard 
for two-thirds of the benzene molecule, conjugation is introduced into the 
standard. The basis for the calculation changes slightly. 
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The ideal standard with which benzene might be compared is noncon- 
jugated 1,3,5-cyclohexatriene. But such a compound does not exist! Attempts 
to prepare it will lead only to benzene. 

One further factor must enter our comparison of benzene with the 
model systems. All of the carbon-carbon bonds in benzene are of equal 
length. The experimental models are "typical" alkenes with different lengths 
for their single and double bonds (Sec. 2-8C). Thus the energy required to 
distort the bond lengths in each model to those of benzene should be consid- 
ered. This distortion energy is estimated to add 19-38 kcal/mol (80- 
160 kJ/mol) to the actual stabilization of the benzene molecule. If we had a 
proper experimental model, the calculated resonance energy of benzene 
might be near 60 kcal/mol (250 kJ/mol). Table 7-5 indicates the relations of the 
calculated resonance energy of benzene to the standard chosen. 

We might consider how the aromatic stabilization associated with ben- 
zene compares with that of other conjugated hydrocarbons. As an example, 
the acyclic analog of benzene, 1,3,5-hexatriene, is found to be about 18 kcal/ 
mol (75 kJ/mol) more stable than the model alkene, ethene. (We will consider 
the stability of nonaromatic polyenes in Sec. 7-4D.) It is quite clear that ben- 
zene possesses a stabilization which markedly exceeds that of other polyene 
compounds. But benzene is not alone in this regard. Other benzenoid com- 


TABLE 7-5 Relation of the Resonance Energy Calculated for Benzene to the Standard 


Heat of Basis for Calculated 
Hydrogenation Comparison with Resonance Energy 
to Cyclohexane Benzene of Benzene 
Compound kcal/mol (J/mol) kcal/mol (kJ/mol) kcal/mol (kJ/mol) 


О) уел (5 —49.3 (—206) 
Benzene 
Q —28.4 (-119) —85.2 (—357) 35.9 (151) 


Cyclohexene 


O —54.9 (-230) —824 (—345) 33.1 (139) 


1,3-Cyclohexadiene 


C) -79 (-331) —79 (—331) =30 (=125) 
estimated =60* (=250*) 


1,3,5-Cyclohexatriene 
(Hypothetical molecule) 


* Includes estimated bond length distortion energy. 
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pounds also show enhanced stability. Naphthalene, for example, has a reso- 
nance energy of about 61 kcal/mol (255 kJ/mol) and anthracene 84 kcal/mol 
(351 kJ/mol). АП these are examples of aromatic compounds and each pos- 
sesses the special property of aromaticity. 


Naphthalene Anthracene 


Another approach to determination of the resonance energy of benzene 
is to compare the heat of combustion of benzene with that calculated 
from average bond energies of the hypothetical 1,3,5-cyclohexatriene 
and its combustion products. 


CoH6(g) + 152005) —> 6CO,(g) + 3H;0(g) 
These data are: 
AHexp. = —789 kcal/mol (—3300 kJ/mol) 
АН, = —827 kcal/mol (—3460 kJ/mol) 


a How does the resonance energy calculated in this way compare with 
that from heats of hydrogenation? 


b Draw a diagram that shows the relative energy levels for the heat of 
combustion of benzene and that of the hypothetical nonconjugated 
molecule. 


C. Molecular-Orbital Description of Aromaticity 


In 1931 Hückel proposed that cyclic conjugated polyenes such as ben- 
zene will be particularly stable if the number of electrons in their cyclic conju- 
gated systems is 4n +2, where п is an integer (thafisis/0,.1,. 2,9, ... .. ). 
Benzene, with six delocalized electrons has п = 1 (4n + 2 = 6). The very use- 
ful Hückel rule for aromaticity has stimulated considerable research into the 
synthesis of various unsaturated rings, the aim being to test their aromaticity. 

Hiickel provided an explanation for his 4n + 2 rule based upon molec- 
ular-orbital theory. Again consider the benzene molecule. Six p orbitals (one 
from each carbon atom) have combined to give the six molecular orbitals of 
the pi system. The relative energy levels of the pi orbitals are indicated in Fig. 
iw; The energies of electrons assigned to the molecular orbitals can be com- 
pared with the energy of one electron assigned to a p atomic orbital of an 
isolated carbon atom. Some molecular orbitals have lower and some higher 
s than the carbon p orbital. Note that two of the molecular orbitals for 


energie : E 
identical energy. They are known as degenerate orbitals. 


benzene have i 
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FIGURE 7-5 
Molecular- 
orbital energy 
diagram and 


electron configu- 


ration for the т 
electrons of ben- 
zene. 


Antibonding 
orbitals 


orbital of one carbon atom 


+ тИ ыч 
+ orbitals 


We can now assign the six available electrons to the molecular orbitals 
beginning with the lowest energy level. The six electrons completely fill the 
bonding molecular orbitals. This is an energetically favorable arrangement— 
often related to a rare gas electron configuration—and it is typical of aromatic 
molecules. 


. Stabilization in Polyenes 


Conjugated dienes and polyenes exhibit small, but significant, stabiliza- 
tion. One of the ways to establish a stabilization energy for an alkene is to 
compare the heat of reaction (ДН?) for addition of hydrogen to the double 
bond (hydrogenation) with the same reaction for a reference compound. The 
double bond of ethene is commonly used as the standard. Since a stabilized 
double bond is at a lower energy than the unstabilized model ethene, its 
hydrogenation will be less exothermic. On that basis the stabilization energy 
of 1,3-butadiene is found to be 8.5 kcal/mol (35.5 kJ/mol) (Table 7-6). The re- 
sults recorded in Table 7-6 also show that substitution on the double bond by 
one or more alkyl groups increases the stabilization energy. 

For many years it had been assumed that simple conjugated polyenes 
such as 1,3-butadiene are stabilized by electron delocalization, but this no 
longer is considered a major contributing factor. Rather, it is now believed 
that the major factor is changes in orbital hybridization (Sec. 2-6). Thus in 
creasing the number of double bonds increases the bonding involving sp 
hybrid orbitals. These hybrid orbitals form shorter and stronger bonds than 
do sp? hybrid orbitals and consequently their compounds are more stable. 
Similar hybridization and related bond strength arguments can also be used 
to explain the enhanced stability as an alkyl group is substituted on the dou- 
ble bond; that is, the enhanced stability of propene relative to ethene. 

Another type of resonance, known as hyperconjugation, is often in- 
voked to account for the stabilizing and electron-donating effect of an alkyl 
group (Tables 7-2 and 7-4). Hyperconjugation involves delocalization of C—H 
sigma electrons into an adjacent pi system: 
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TABLE 7-6 Heats of Hydrogenation of Some Alkenes and Associated Stabilization Energies 


Heat of Hydrogenation Stabilization 
(25°C) Energyt 

Name Molecular Formula kcal/mol kJ/mol kcal/mol kJ/mol 
Ethene CH;—CH; —32.8 2027.2, 0 0 
Propene CH3CH—CH; 230.1 —125.9 2, 1153, 
1-Butene CH3;CH2CH=CH2 730.3 —126.8 2.5 10.4 
Z-2-Butene —28.6 5111927. 4.2 17.5 

CH3CH—CHCH; 
E-2-Butene —27.6 —115:5 5.2 21.7 
Z-2-Pentene —28.6 119,7. 4.2 17.5 

CH3CH,CH=CHCH3 
E-2-Pentene —27.6 9114579 522 217 
2-Methyl-2-butene (СНз)>С=СНСН —26.9 У 5.9 24.7 
2,3-Dimethyl-2-butene (CH3);C—C(CH3); —26.6 z 111.3 6.2 25.9 
1,3-Butadiene CH;—CH—CH-CH, 2157.11". —238.9" 8.5* 9515 
1,3-Pentadiene CH;—CH—CH-CHCH; —54.1* —226.4* 11.5* 48.0* 
1,4-Pentadiene CH;—CHCH;CH-—CH» —60.8* —254.4* 4.8* 20.0* 
Z-1,3,5-Hexatriene —80.5** —926.7^* 17.9** 74.9** 
E-1,3,5-Hexatriene CH CECH ORC НГ бом аара 0 ‚у 79.9 


+ Based on heats of hydrogenation at 25°C with ethene as the reference. 
* Two double bonds are involved. 


** Three double bonds are involved. 


|, 
а {А 

С+-С==С— <>. —С=с—С 
| T | Td 


Hyperconjugation 


Though hyperconjugation is no longer believed to make a significant 
contribution to the stability of substituted alkenes, it is probably the major 
factor that accounts for the very important differences in carbocation stabili- 
ties. Thus tertiary carbocations are more stable than secondary carbocations, 
which in turn are more stable than primary carbocations. 


CH; | | 
CH= > сн, > сн, 
CH; CH, H 
Tertiary Secondary Primary 


Relative carbocation stabilities 


The order of stabilities is reflected in the relative rates of reactions in- 
volving those intermediates, for it is common that the pathway leading to the 
more stable intermediate will require less energy. If we assume that one 
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PROBLEM 
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methyl group can stabilize a carbocation by hyperconjugation then it follows 
that three methyl groups will be the most effective. 


H CH; H* CH; ja CH, 
Ht pet none — набе < 
H: Сн; H CH} н CH; 
H CH, 
ma мы Six more energetically 
equivalent structures 
H* CH, 


The choice of the standard from which stabilization energy is calcu- 
lated is critical if results are to be meaningful. A more realistic model 
for 1,3-butadiene might be the double bond of 1-butene because of the 


similarity in the carbon structure of the two compounds. Use data from 
Table 7-6 to calculate the stabilization energy of 1,3-butadiene on this 
basis. 


Draw energy profile diagrams for (i) a reaction which proceeds through 
a primary carbocation intermediate, (ii) a reaction which proceeds 
through a secondary carbocation intermediate, and (iii) a reaction 


which proceeds through a tertiary carbocation intermediate. Use a sin- 
gle diagram with the reactants arbitrarily set equal in energy, and as- 
sume that carbocation formation is rate-controlling in each case. 


Summary 


Structural variations can have a marked effect on acidity. The effects are 
attributed to inductive, steric, and resonance factors. Inductive effects tend to 
be small and decrease rapidly with distance from the acidic group. The usual 
steric effect on acidity is inhibition of solvation or resonance. Steric require- 
ments associated with Bronsted acidity (proton transfer) are usually negligi- 
ble, since the proton is small, but other Lewis acids may have significant 
spatial requirements. 

Resonance interactions in conjugated molecules have major effects on 
acidity. The resonance method is a very powerful conceptual tool which can 
be used to interpret a multitude of structural effects on chemical equilibria 
and reaction rates. Resonance accounts for stabilization of a molecule or ion 
through delocalization of electrons. 

Structural representations that depict resonance are generated by mov- 
ing nonbonding electrons and pi bonds along a conjugated system without 
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altering the positions of nuclei. Such resonance structures do not represent 
actual molecules—the real molecule is a hybrid of the contributing resonance 
structures. The stabilization afforded a molecule by resonance, known as the 
resonance or delocalization energy, can be estimated by various physiochemi- 
cal methods. 

Aromatic compounds provide some of the most striking examples of 
resonance and its influence on stability and reactivity. Aromaticity, the de- 
scription applied to these six-member cyclic polyenes, implies specific chemi- 
cal reactivity and resonance stability. Molecular-orbital methods have been 
used to account for the unique role of resonance in aromatic systems. 


Supplementary Problems 


Dicarboxylic acids in which the two carboxy groups are sufficiently separated that they 
do not interact appreciably possess К, values which are about two times the value of 
a simple monocarboxylic acid. Provide an explanation for this experimental observa- 
tion. 

The heat of combustion of propene (propylene) is —492 kcal/mol (—2057 kJ/mol), and 
that of cyclopropane is —500 kcal/mol (—2090 kJ/mol). Which isomer is thermodynami- 
cally more stable? 

Explain the observation that the order of acidity (at the indicated H) of carboxylic 
acids, amides, and ketones is 


| I I 
RCO—H > RCNH—H > RCCH,—H 


a Suggest an explanation for the fact that alkyl-substituted carbanion stabilities follow 
an order opposite to that of carbocations, that is, prim > sec > tert. 
b Account for the greater stability of a carbanion connected to a benzene ring (a benzyl 


carbanion) than of an alkyl carbanion. 
Suggest an explanation for the difference in dipole moments for each of the following 


examples: 


a CH,CH,Cl уз. CH,—CHCI 


p= 2.050 в = 1440 
b CH,CH,CHO vs. CH,=CHCHO vs. CH,CH—CHCHO 
р = 2730 и=3110 и = 3670 
c (nm and ( Ун vs nx Уо 2 
и = 1530 в = 3950 p = 610 


Explain why allene (1,2-propadiene) is not classed as a conjugated molecule. Use an 
orbital drawing to support your answer. 

When 1,2-dimethyl-1,3-cyclopentadiene is treated with sodium hydroxide and then 
acidified, a mixture of three isomeric dimethylcyclopentadienes is recovered. Propose 
structures and provide IUPAC names for these three isomers. 
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Account for the different pK, values of phosphoric acid (НзРО.): рК = 2.1, РКа = 
7.2, and pK = 12.7. 


Provide an explanation for the relative acidities of the following phenols: 


CH, 
CH; CH; 


Provide an explanation for the fact that guanidine [HN—C(NH5);] is a stronger base 
than most amines. 


The electron-withdrawing effect of a trifluoromethyl group (СЕз) on unsaturated mole- 
cules is often attributed to C—F hyperconjugation. Draw resonance structures for such 
an interaction in p-trifluoromethyl-N,N-dimethylaniline. 


Predict which member of each of the following pairs is the stronger acid: 


a m- and p-cyanophenol 
b СН,==СНСН.ОН and CH,CH—CHOH 
€ NCCH;CN and NCCH,CH,CN 


d 505 „СО; 
and 
CO, OH 


e ЕСНСН,ОН and CH,CF,OH 


f 
H 
H 
TO and б 
H 


The Dewar structure of benzene can be generated conceptually as indicated below. 
Are Dewar and Kekulé benzenes resonance structures or structural isomers? 


D= LQG 


Draw resonance structures for the following compounds and indicate which structures 
are more or less important contributors to the resonance hybrid: 


a CH=CH, с CP 
CS 


N 
H 
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*7-43 The two compounds below have very different properties. Compound А is neutral 
and absorbs in the IR at 1670 cm (6,0 um); compound B dissolves in 5% hydrochloric 
acid and absorbs іп the IR at 1720 ст”! (5.8 um). Explain the differences. 

CH; 


оосор 


CH; 

*7-44 -Two isomers A and B with molecular formula СзНзО» can be easily separated because 
of their different acidities. Isomer A is soluble in aqueous sodium hydroxide and so- 
dium bicarbonate; isomer B is soluble only in sodium hydroxide solution. The 1H- 
NMR spectrum of A is reproduced in Fig. 7-6 and that of B in Fig. 7-7. Identify the two 


isomers. 
FIGURE 7-6 500 400 300 200 100 0 Hz 
1H-NMR spectrum 
of compound A 
(Prob. 7-44). 
FIGURE 7-7 400 300 200 100 0 Hz 


‘H-NMR spectrum 
of compound B 
(Prob. 7-44). 
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Hydride as the Nucleophile—Reduction 
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Summary 
А. The Chemistry of Carbonyl Compounds B. Reactions of 
Aldehydes and Ketones C. Reactions of Carbonyl Analogs 


Supplementary Problems 


Chapters 1 through 7 provided a broad overview of organic chemistry. 
They considered many of the fundamental concepts on which our study of 
organic chemistry will be based. Some of those concepts may have been new 
to the student, but many, such as bonding, acidity-basicity, oxidation-reduc- 
tion, and some aspects of spatial and structural effects will have been intro- 
duced in other chemistry courses. Here these concepts have been reexamined 
in the context of organic compounds. 

We now begin a more extensive study of the chemistry of organic com- 
pounds by considering the major reactions of contemporary organic chemis- 
try. Succeeding chapters are organized in terms of the major operational and 
electronic classifications introduced in Chaps. 4 and 5. Chapters 8 through 13 
cover reactions controlled by nucleophilic reagents—nucleophilic additions 
and nucleophilic substitutions. Chapter 14 concerns elimination reactions and 
Chaps. 15 through 19 present reactions of electrophilic reagents—elec- 
trophilic additions and substitutions. 

Each chapter introduces the kinds of chemical reactions that fit a particu- 
lar classification and then shows how the operational and electronic classifica- 
tions are used to identify transformations that occur during reaction. In this 
manner, many seemingly different reactions can be shown to be related by 
their common reaction mechanisms. This approach enables the student to 
understand a variety of reactions and to easily bring new reactions into their 
understanding of mechanistic classification. We are reminded that it is the 
bond-making and bond-breaking processes that connect the various reac- 
tions. The understanding of these processes is the essence of the study of 


organic chemistry. 


Reactivity of the Carbonyl Group 


In Chap. 3 we discussed unsaturated compounds of two kinds: those 
which contain carbon-carbon double and triple bonds and those in which 
carbon atoms are doubly or triply bonded to some other element (hetero- 
atom). In the latter class the second element, usually nitrogen or oxygen, is 
more electronegative than carbon. 
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These two kinds of unsaturated compounds exemplify polar and non- 
polar functional groups. A major reason for separating consideration of the 
two classes of organic compounds is that their addition reactions tend to 
occur under different conditions. This chapter treats the polar carbonyl 
group, and Chap. 15 will cover additions to the relatively nonpolar carbon- 
carbon multiple bonds. 

One of the most important reactions which takes place at the carbonyl 
group of aldehydes and ketones is addition across the carbon-oxygen double 
bond. We will see that additions to carbonyl groups provide a variety of syn- 
thetically useful processes, as well as many important examples of reaction 
mechanism. 

The double bond is, however, only one factor in our considerations of 
the addition process. The chemistry of carbonyl compounds provides exam- 
ples of the many parameters which influence reactivity at functional groups. 
We will also consider the characteristics of the second component in these 
reactions, the nucleophilic reagents that are partners in the transformations. 


. Aldehydes and Ketones 


Aldehydes and ketones are two classes of compounds that possess a 
carbonyl group. They are commonly referred to as carbonyl compounds. Car- 
bonyl groups are both unsaturated and polar so that their reactions are easily 
correlated with the electronic theories that we have introduced in the preced- 
ing chapters. The reactions of aldehydes and ketones are mechanistically so 
similar that they are treated in the same chapter. Their reactions are essen- 
tially the reactions of the carbonyl group. 


о о [o 
2 | | 
< Бо. КСВ 

H 


Ап aldehyde А ketone 
(К and R’ represent alkyl or aryl groups) 


Aldehydes and ketones are exceedingly important compounds. Some, 
such as 2-propanone (acetone) and 2-butanone (methyl ethyl ketone), are 
employed in large volume as commercial solvents. Concentrated solutions of 
methanal (formaldehyde) in water are used to preserve animal tissues for 
biological study. The aromatic aldehyde benzaldehyde is an odoriferous com- 
ponent of many natural materials. Complex natural products such as carbo- 
hydrates (Chap. 21) and steroid hormones (Chap. 23) contain aldehyde and 
ketone carbonyl structures along with other functional groups. 


o 
\ | 
CH,CCH, = CH,CCH,CH, 
2-Propanone 2-Butanone 


(Acetone) (Methyl ethyl ketone) 
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О о 
VA 2 
SS GRO 
Methanal Benzaldehyde 
(Formaldehyde) 


These carbonyl compounds are at an intermediate state of oxidation 
(Sec. 4-3), between alcohols and carboxylic acids. When not available com- 
mercially or from natural sources, they are commonly prepared in the labora- 
tory by oxidation, or in some special cases, by reduction of appropriate pre- 
cursors. Ketones are readily obtained by oxidation of secondary alcohols, 
while aldehydes can be obtained by oxidation of primary alcohols. Formation 
of aldehydes usually requires specialized reagents and techniques because 
aldehydes are easily oxidized further to carboxylic acids. The most widely 
used oxidants for the preparation of carbonyl compounds are based upon 


chromium compounds. 


сше уон icy ео Herc В Ciac )-o 


4-tert-Butylcyclohexanol Sodium dichromate Лау удо але 
p 
CH,(CH,),CH,OH + CrO,Cl:pyridine Ч» CH,(CH,),CC 
1-Heptanol Pyridinium chlorochromate H 
Heptanal 
84% 
О 


[ен + №оа Сонин, [> 


Cyclopentanone 


Cyclopentanol Sodium 
imos hypochlorite , 86% 


PROBLEM Each of the carbonyl compounds listed below can be prepared by the 
8-1 oxidation of an alcohol. (i) Write a chemical equation, including oxidiz- 
ing reagent, for each reaction. (ii) Which of the reactions would require 


special attention to ensure that a carboxylic would not also be formed 


c C,H,CHO e 


| 
а C,H,CH,CCH, 
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A most important characteristic of the carbonyl group can be anticipated 
from examination of the group’s electronic structure. We see that a carbon 
atom is bonded to the more electronegative oxygen. The resulting imbalance 
in electron density leads to a permanent dipole of 2-3 debyes (D) for simple 
carbonyl compounds. The carbonyl is a polar group. 


ô+ 5- CH; i Z9 
c= je-9. CHK 
— CH; H 
в = 2.840 и = 2730 


In resonance terms, the carbonyl group is represented by the two con- 
tributing structures A and B. 


Y a NE 5. 
/С=0 — 2—0: 
А B 


Resonance structure A is the best single representation for the carbonyl 
group, since all atoms have a complete octet of electrons. Inclusion of struc- 
ture B emphasizes the polar characteristic of the double bond. 


a Use an arrow to indicate the dipole direction for each of the 
carbonyl groups in cyclohexanone, 1,2-cyclohexanedione, and 
1,4-cyclohexanedione. 


b Using a value of 3 D for the moment of a carbonyl group, predict the 
dipole moment of each of the molecules of part a. 


. Electrophilic and Nucleophilic Reactivity 


The polar representation of the carbonyl group indicates that the carbon 
atom will be somewhat positive and the oxygen atom somewhat negative. 
This suggests two possible modes of reaction. The electron-deficient (electro- 
philic) carbonyl carbon atom can react with nucleophiles (Fig. 8-1a), and the 
electron-rich (nucleophilic) carbonyl oxygen atom can react with electrophiles 
(Fig. 8-1b). The two processes, taken together, constitute a pathway for the 
addition of the elements of a nucleophile (Nu: ~) and an electrophile (E*) 
across the carbon-oxygen double bond. 

In terms of Lewis acid-base theory, the carbonyl carbon atom functions 
as a Lewis acid as it accepts the electron pair of the nucleophile, a Lewis base. 
Similarly, the carbonyl oxygen atom is a Lewis base in its reaction with the 
electrophile, a Lewis acid. 

The pathway of most addition reactions to the carbonyl groups of alde- 
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FIGURE 8-1 

(a) Nucleophilic 
addition to a 
carbonyl group, 
and 

(b) electrophilic 
addition to a 
carbonyl group. 
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(b) 


hydes and ketones involves both steps. We normally classify the reactions as 
nucleophilic additions because bond formation to the carbonyl carbon atom 
by an electron-rich reagent is the most significant change that occurs. 

The sequence of addition depends upon the nature of the reagent and 
conditions of the reaction. Under basic conditions the nucleophile normally 
adds to the carbonyl carbon first (Fig. 8-14). In order to avoid exceeding the 
electron octet on carbon, an electron pair of the double bond moves to the 
oxygen atom. The ability of the electronegative oxygen atom to accommo- 
date the extra electron pair facilitates attack at carbon. Usually the reaction is 
completed by abstraction of a proton (the electrophile) from the solvent. 


Would you expect nucleophilic addition to occur if the carbonyl oxygen 


atom were not capable of accommodating the extra electron pair do- 
nated by the nucleophile? 


Many addition reactions of carbonyl compounds are catalyzed by acids. 
In an acid solution a small, but important, concentration of the protonated 
carbonyl group (conjugate acid) is present. 


S + 
N jC-ó-H 
^— 
Lege 
JC-07* inr 
хо 
Lewis base Conjugate acid 


The conjugate acid will surely be a much more reactive electrophile than 
is the neutral carbonyl compound. Even nucleophiles of low inherent reactiv- 
ity can react with protonated aldehydes and ketones to form adducts. When 
carbonyl addition reactions are carried out in acidic media, the nucleophile is 
normally electrically neutral. 
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ғ + 

таге ЧЕ ЖЕТ 
Nu: + | == Asp М 

NE OA 

AOA 


Subsequent sections of this chapter will explore nucleophilic additions 
to carbonyl compounds under acidic, neutral, or basic conditions. In Chap. 9 
we will see that the carbonyl groups of carboxylic acids and their derivatives 
follow a similar pattern of reactivity, but that the final result is nucleophilic 
substitution rather than addition. 


. Electronic and Steric Factors 


Aldehydes are usually more reactive with nucleophiles than are ke- 
tones. This experimental finding can be attributed to a combination of elec- 
tronic and steric factors. Recall that alkyl groups are weakly electron-donating 
in comparison to a hydrogen atom (Sec. 7-1A). The carbonyl carbon atom of 
an aldehyde carries only one electron-donating alkyl group, whereas that of a 
ketone has two. Thus the aldehyde carbonyl carbon atom is relatively more 
electron poor and has a greater tendency to attract a nucleophile. The alde- 
hyde carbonyl group is more electrophilic. 


DU ав 
х= С=О 
CH; H 
Ketone Aldehyde 


Steric factors may also play a part in the relative reactivity of aldehydes 
and Кеюпез. The carbonyl carbon and the three atoms to which it is attached 
lie in a common plane with bond angles near 120° (trigonal). The best orbital 
description of a carbonyl group is an sp? hybrid at carbon (Sec. 2-7A) with the 
р orbital overlapping a p orbital on the oxygen atom. A nucleophile can nor- 
mally approach the carbonyl carbon from either side of the molecular plane 
with equal probability. 


Formation of a fourth bond to the nucleophile changes the configuration 
at the carbon atom from trigonal to tetrahedral. As a consequence, the atoms 
around the carbon atom become more crowded. 


PROBLEM 
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A ketone has two alkyl or aryl groups attached to the carbonyl carbon 
atom, whereas an aldehyde has a hydrogen atom and one alkyl or aryl group 
on the carbonyl carbon. Thus addition to a ketone will result in relatively 
greater crowding in the transition state leading to product and therefore a 
slower rate of reaction. 


Although an aryl group is usually found to be electron-withdrawing 
relative to alkyl, aromatic aldehydes tend to be less reactive than ali- 
phatic aldehydes. Use the concepts of resonance to account for this 
result. 


Heats of formation of isomeric aldehydes and ketones indicate that 
ketones are typically 5-10 kcal/mol (20-40 kJ/mol) more stable than 
aldehydes. Refer to the resonance structures for 2-propanone (acetone) 
and propanal as a basis for rationalizing this general observation. 


Cyanide as the Nucleophile—The Cyanohydrin 
Reaction 


The Addition of HCN 
One of the simplest additions to a carbonyl group is the cyanohydrin 
reaction, in which HCN adds to aldehydes and unhindered ketones to pro- 
duce 2-hydroxynitriles known as cyanohydrins. 
CN 


S UU 
3—0 + HN = Он 
А cyanohydrin 


Careful study of the cyanohydrin reaction has provided the basis for the 
accepted reaction mechanism. Cyanide anion, the nucleophile, adds to the 
carbonyl carbon atom to produce an unstable intermediate oxyanion: an alk- 
oxide. The alkoxide, a strong base, then abstracts a proton from solvent or 
another molecule of the weak acid HCN. A new cyanide anion is produced as 
each molecule of cyanohydrin forms. The reaction is second-order; first-order 
in cyanide and first-order in the carbonyl compound. 


о CN 
— и р 
CN- + CH4—C. == аа DIL 
Е H 
Ethanal An alkoxide 


(Acetaldehyde) 
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см ем 
сн;-——0 + HEN = UCH; COH + CN- 
H H 


2-Hydroxypropanenitrile 
(Acetaldehyde cyanohydrin) 


PROBLEM The rate of the cyanohydrin reaction is proportional to the concentra- 
8-6 tions of the carbonyl compound and cyanide. 


Rate = k[-C—O][CN-] 


a Which is the rate-controlling step of the reaction? 
b What does this rate equation indicate about the role of the proton? 


Hydrogen cyanide, a very toxic gas, is the reagent generally used for an 
industrial cyanohydrin process. In the laboratory aqueous sodium or potas- 
sium cyanide, usually in a buffered acid medium, is the source of HCN. The 
cyanohydrin reaction is synthetically useful because a new carbon-carbon 
bond is formed and the product has two functional groups (hydroxy and 
nitrile) for further reactions. 


OH 
C,H,CH,CHO + NaCN 12°, C,H,CH,CHCN 
2-Phenylethanal 2-Hydroxy-3-phenylproparienttrile 
67 


HCHO +KCN 0, HOCH,CN 


Methanal 2-Hydroxyethanenitrile 
(Formaldehyde) (2-Hydroxyacetonitrile) 
80% 


PROBLEM Write the chemical equation for the reaction of each of the following 
q 
8-7 compounds with one equivalent of HCN. 


а CH,COCH,CH,CHO CHO 
b C,H,COCH,CH,COCH, d 


[o CH,CHO 


e Methyl m-acetylbenzoate 
[9] 


CH, 
f CH, 
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B. Electronic Effects 


The addition of HCN to a carbonyl group is a reversible reaction. Equi- 
librium constants, which have been measured for the cyanohydrin reaction of 
a large number of carbonyl compounds (Table 8-1), provide an illustration of 
how electronic factors affect the reaction. 

Consider the equilibrium constants for addition of HCN to the aromatic 
aldehydes, benzaldehyde (K — 211) and p-methoxybenzaldehyde (K — 32). 
Methoxy is an electron-donating group which can provide electron density to 
the carbonyl group by delocalization through the benzene ring (Sec. 7-4). 
Interaction between the electron-donating methoxy and electron-withdraw- 
ing carbonyl group is favorable. The result is that p-methoxybenzaldehyde is 
stabilized by resonance more than benzaldehyde is. 


О О: 

у 2 " 
CHO (35 <. < ТЕЕ а 

H 


Recall that the equilibrium constant for a reaction depends on the differ- 
ence in standard free energy AG? between reactants and products (Sec. 4-1B). 
We must therefore also consider what effect the methoxy substituent has on 
the stability of the cyanohydrin product. 


TABLE 8-1 Electronic Factors in Cyanohydrin Formation (at 20°С in 96% Ethanol) 


qu 

Фи + НСМ == ( У К 

_ [cyanohydrin] Ou 

~ [carbonyl][HCN] I 
a с + НСМ == CH; НСМ К = 110 
үй? 
cxo{ У-ено + HCN == cxo{ renes K= 32 
OH 
cin Vao + HCN == an jion К= 26 
H 


о 
снубсн, + HCN == CH,¢CHs К= 32 
CN 
о он 
| A 
C,H,CCH, + НСМ «= CoHyECHy K= 08 
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PROBLEM 


8-8 


PROBLEM 


8-9 


FIGURE 8-2 
Relative free 
energies in the 
cyanohydrin re- 
action. (Products 
arbitrarily set 
equal in en- 
ergy.) 


The carbonyl group is no longer present in the cyanohydrin product. 
Interaction between the methoxy substituent and the original carbonyl is 
lost. If we arbitrarily assume that the cyanohydrins of benzaldehyde and 
p-methoxybenzaldehyde are relatively close in energy, the reason for the differ- 
ent values of the equilibrium constants for these two reactions becomes clear. 
The reaction of HCN with benzaldehyde is more exergonic (AG? > ДСЗ). Fig- 
ure 8-2 graphically illustrates this comparison. 


Account for the relative values of the equilibrium constants in the cya- 


nohydrin reactions of 2-propanone (acetone) and 1-phenylethanone 
(acetophenone) (Table 8-1). 


The equilibrium constants for formation of the cyanohydrins of 
cyclopentanone and cyclohexanone are approximately 50 and 1,000, 


respectively. Consider the change in steric interactions in each case to 
rationalize this result. 


. Cyanohydrins in Nature 


Cyanohydrins are formed by some fruit-bearing trees. The seeds of cher- 
ries, peaches, plums and apricots contain cyanohydrins of rather complex 
compounds. Benzaldehyde and the cyanohydrin of benzaldehyde contribute 
to the odor and flavor of almonds (the seeds of the almond tree). 

A carbohydrate (Chap. 21) derivative of the cyanohydrin of benzalde- 
hyde can be isolated from apricot seeds. The compound, known as amygda- 
lin, has attracted considerable interest as the precursor to laetrile, a controver- 
sial drug for the treatment of cancer. 


HCN + C CHO 
НСМ + CHO < ао T AG? 


46% 


Я 
в— joron 


К = Н, ОСН; 


Free energy, С 


Reactants Products 
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CH,OH ony 
2 О, CH, о N O,H м 
но HO H 
HO Хо о но о 
OH OH OH 
Amygdalin Laetrile 


An interesting example of nature’s adaptation of the cyanohydrin reac- 
tion is production of the defense fluid excreted by an African millipede. The 
fluid kills the enemy of the millipede by releasing HCN. But how does the 
millipede store HCN without killing itself? 

The answer is: as the cyanohydrin of benzaldehyde. As the millipede 
expels the defense fluid, an enzyme which catalyzes conversion of cyanohy- 
drin to benzaldehyde and HCN is activated. 


CN 
| 
C,H,CHOH Ее, сн СНО + НСМ 


D. The Addition of Other Acids 


We have considered the addition of HCN to the carbonyl group in some 
detail. But do other more common acids such аз НС! also add? 

Other acids do add across the carbonyl group, but the products of addi- 
tion cannot be isolated. The equilibria lie far to the side of the reactants. 


а 
Pisas 4 HC = он K<1 


The unfavorable equilibrium can be attributed to the energies of the bonds 
which form and break. Addition of HCN is 11 kcal/mol (46 kJ/mol) more fa- 
vorable than is the addition of НСІ. 


PROBLEM The addition of HCN to a carbonyl compound is much more favorable 
8-10 than the addition of HCl. Consider the energies of the bonds being 
made and broken to calculate the heat of reaction in each case. Assume: 


H—CN = 130 kcal/mol (544 kJ/mol) 
H—CI = 103 kcal/mol (431 kJ/mol) 

C—CN = 122 kcal/mol (511 kJ/mol) 
C—CI = 84 kcal/mol (352 kJ/mol) 


8-3 Oxygen or Sulfur as the Nucleophile—Acetals, 
Ketals, and Hydrates 
The examples of water as a solvent and reactant in natural and labora- 


tory processes are abundant. Alcohols play a similar role whether they be 
simple compounds such as methanol or ethanol or parts of more complex 
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natural compounds such as carbohydrates. An important contributor to the 
chemical reactivity of these materials is the nucleophilicity of their oxygen 
atoms. | 


А. The Addition of Alcohols 


The addition of 1 mol of an alcohol to an aldehyde or ketone carbonyl 
group produces a hemiacetal or hemiketal. The oxygen atom of the alcohol 
forms a bond to the carbonyl carbon atom and the hydroxy hydrogen bonds 
to the carbonyl oxygen atom. Hemiacetals and hemiketals are special types of 


ethers. 
= 
CH,CH,CH;,CHO + CHOH == CH,CH,CH,CH—OCH, 
Butanal Methanol 1-Hydroxybutyl methyl ether 
(Butyraldehyde) A hemíacetal 
1 ТА 
CH,CH,CCH, + CHOH = CH,CH,C—OCH, 
Н; 
2-Bi -H: -2-butyl 1 
utanone 2 ED EUM ether 


Hemiacetal and hemiketal formation are reversible processes. Reactions 
are commonly catalyzed by acids, although equilibria are also rapidly estab- 
lished in the presence of catalytic amounts of base. A mechanistic description 
of the acid-catalyzed pathway illustrates enhancement of the electrophilicity 
of a carbonyl carbon atom by initial protonation of the carbonyl oxygen atom. 
The alcohol then adds to the electrophilic carbon atom of the resulting reso- 
nance hybrid. This is a catalyzed process; the proton is released at the end of 
the sequence. 


з 


ÓH 
2 
CH,CH,CH,CO 
5 H 
fr 
CH,CH,CH.C line ОН. | 
H 
CH,CH,CH,C | 
N | 
H | 


ÓH d 
A ~ 
сенен, о, E 
A Ep e 


+ CH,OH == CH,CH,CH,CHOH == 


OH 
CH CHIC e осн, 
в 2 CH,CH,CH,CHOH + H* 
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PROBLEM 
8-11 


Note that we have depicted nucleophilic addition of the alcohol to the 
resonance structures of the protonated aldehyde by mechanistic curved ar- 
rows 1 and 2. We know, of course, that the protonated aldehyde is neither A 
nor B but a resonance hybrid. Structure A probably best represents the reso- 
nance hybrid. To simplify structure drawing it is common to represent pro- 
tonated carbonyls as in structure A. 


Propose mechanisms for the acid- and the base-catalyzed formation of 


the methyl hemiketal of 2-butanone. 


Hemiacetal and hemiketal formation are normally not energetically fa- 
vorable processes; that is, the equilibrium constants are less than 1. However, 
cyclic hemiacetals and hemiketals play a very important role in the properties 
of many naturally occurring compounds. Carbohydrates (Chap. 21) exist 
principally in the cyclic hemiacetal or hemiketal form. 


H H 
CH,OH |, 
HO OH 
OH OH OH OH HO. oH 
HOCH,—CH—CH—CH—CH—CHO == n H 
H 
Glucose Glucose hemiacetal 


The formation of five- and six-membered cyclic hemiacetals and 
hemiketals is the consequence of a more favorable entropy (Sec. 4-1B) contri- 
bution to the free energy of the reaction. Formation of an acyclic hemiacetal or 
hemiketal requires that two molecules—the alcohol and carbonyl compound— 
come together. Much of the freedom of motion that each individual molecule 
had before reaction is lost. When a single molecule cyclizes to form a rela- 
tively unhindered five- or six-membered ring, the decrease in entropy is rela- 
tively less. The change in the T AS term is smaller, as is the effect on the free 
energy and position of equilibrium. 


OH 
|| 
(CH,),;CHCCH, + CH,OH -H- кнуусне—осн, K«1 


CH; 
3-Methyl-2-butanone 2-Hydroxy-3-methyl-2-butyl 
methyl ether 
H* 
HOCH,CH,CH,CHO === K>1 
Оон 
4-Hydroxybutanal 2-Hydroxyoxacyclopentane 


(2-Hydroxytetrahydrofuran) 
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PROBLEM 


8-12 


Formation of a hemiacetal from an aldehyde and alcohol is endother- 
mic in terms of bond energies (AH?). 


a Use the data from Table 2-4 to calculate the enthalpy (AH?) for the 


formation of a hemiacetal. 


b Show how the contribution of entropy (45°) can make the free energy 
(AG?) of the reaction more or less favorable. 


When 2 moles of alcohol add to the carbonyl group of an aldehyde or 
ketone, an acetal or ketal is formed. The sequence involves acid-catalyzed 
reaction of a second molecule of alcohol with the initially formed hemiacetal 
or hemiketal. Comparison of the structure of a hemiacetal (or hemiketal) with 
that of an acetal (or ketal) indicates that an alkoxy group has substituted (Sec. 
4-2C) for a hydroxy group. 


OC;H; 
CH4CH,CHO + 2C;H,OH gie CH,;CH,CH—OC,H, + H,O 
Propanal Ethanol 1,1-Diethoxypropane 
(Propionaldehyde) An acetal 


Il H+ 
СН.ССН. + 2C;H,OH === (СН,),С(ОС,Н,), + H,O 
2-Propanone 2,2-Diethoxypropane 
A 


(Acetone) ketal 
H+ р 
з; + HOCH,CH,OH = mae + HO 
Cyclohexanone 1,2-Ethanediol Cyclohexanone ethylene 
(Ethylene glycol) ketal 


Formation of the dimethyl acetal from the hemiacetal of propanol pro- 
vides an illustration of how the step-by-step mechanistic description of a reac- 
tion evolves. Acetal formation is catalyzed by acid. We must therefore con- 
sider where the hemiacetal can be protonated so as to enhance substitution by 
an alcohol. Furthermore, the mechanistic sequence cannot include anionic 
species that might be protonated by the acid. 

The oxygen atoms of the hydroxy or methoxy groups are logical points 
of proton addition since they are the only Lewis bases in the molecule. A con- 
jugate acid formed by protonation can lose water or methanol to give а reso- 
nance-stabilized carbocation to which the second methanol molecule will add. 

However, protonation of the methoxy group and loss of methanol is just 
the reverse of hemiacetal formation. Although that is one component of the 
reversible reaction, it does not lead to product. Product forms when the hy- 
droxy-protonated species loses water, then methanol substitutes at the inter- 
mediate carbocation. Loss of a proton completes the acid-catalyzed process. 
Nucleophilic substitution reactions of this type will be considered in detail in 
Chaps. 10 and 11. 
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(ou H 
Ф CH,CH,CH--OCH, «== CH,CH,CHO + CH,OH + Ht 
: ou Methoxy-protonated Propanal 
CH,CH,CH—OCH, + H“ 
О РВ 
1-Methoxy-I-propanol OH. (CH,CH,CH—OCH, 
(Propanal-methanol Е Y 
emiacetal) CH,CH,CH—OCH, == | + H,O 
Hydroxy- d Å 
at ie ллу CH,CH,CH—OCH; 


mes 
енн бен] \ HOCH, 
| 


+ CH,OH «= CH,CH,CH—OCH, == 


CH,CH,CH-ÉÓCH, осн, 
| 


CH,CH,CH—OCH, + Н+ 
1,1-Dimethoxypropane 
(Propanal-methanol 


PROBLEM Predict the major organic product in each of the following reactions: 
8-13 a (CH,),CHCH,CHO + CH,OH (excess) == 


+ 
b Cyclopentanone + ethylene glycol Е 


H* 
c HO(CH,),CHO —— 
H* 
d CH,CHO + C,H;OH === 


| 
e C,H,CH,CCH, + HO(CHj,OH == 


H,O* 
f (CH,CCH,CH,CH(OCHj), === 


PROBLEM Suggest a step-by-step mechanism for the formation of the ketal pre- 
8-14 pared by the acid-catalyzed reaction of cyclohexanone with ethylene 


glycol. 


PROBLEM Explain the observation that ethyl pyruvate [CH,;COCO,C,Hs] forms a 
8-15 ketal more rapidly than acetone does. 
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B. The Addition of Water 


The addition of water (hydration) to the carbonyl group of aldehydes 
and ketones produces dihydroxy compounds known as hydrates. These hy- 
drates are also known as gem-diols because two identical groups are on the 
same carbon atom. Hydration involves the addition of H and OH to the car- 
bonyl double bond. 


OH 
2 | 
CHG + H,O —= CH,CH—OH 
H 1,1-Ethanediol 
Ethanal A hydrate 
(Acetaldehyde) 


Hydration is reversible and is catalyzed by either acids or bases. The 
reaction is not synthetically important, because the equilibrium is unfavorable 
for most aldehydes and ketones (Table 8-2). 


PROBLEM The hydration of carbonyl compounds can occur in both acidic and 
8-16 basic media. Write a step-by-step mechanism for the hydration of acet- 
aldehyde in H3O* as well as OH~/H,O. 


An interesting example of chemical equilibria as related to reaction rates 
is the hydration of formaldehyde. Formaldehyde (methanal) is a gas (bp 
—21°С) at room temperature, but it is normally used in the laboratory as its 
hydrate, a 37% aqueous solution known as formalin. It is one of the few 
carbonyl compounds that exists almost entirely as the hydrate in aqueous 
solution (K = 2 x 10°). 


о OH 
2 Ky | 
HC. + HO = H—C—OH 
T wy 1 
H 
Formaldehyde Methanediol 


(Methanal) 


TABLE 8-2 Equilibrium Constants for the Hydration of Carbonyl 


Compounds 
Compound Е 
HCHO 2х 103 $ 25°С N 

С=О + H,O == /C(OH) 
CH,CHO 13 / 4 4 4 
Cl,CCHO 3 x 104 s он, 
(CH3,C—O 2 x 10-3 t / 
(СН,);СНСНО 0. і 
(CHj,CCHO 02 [= 


SS ———————————— 
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PROBLEM 
8-17 


Attempts to isolate the hydrate lead to the recovery of formaldehyde 
and water. The result tells us that the rate of the reverse reaction must be 
rapid. As one attempts to recover the hydrate, the aldehyde, which has a 
lower boiling point, is released and the equilibrium is rapidly reestablished. 

But if the reverse reaction is kinetically rapid, how then does the equilib- 
rium constant favor product? The reason is that the rate of the forward reac- 
tion is even more rapid than that of the reverse reaction. An equilibrium 
constant, К, is the ratio of the forward to the reverse reaction rate constants, Ку 
and k,. The value of К tells us only the position of equilibrium, but nothing 
about the rate at which that equilibrium is established (Sec. 5-2). 


K= k _ [concentration of products] 
k, [concentration of reactants] 


The few carbonyl hydrates which can be isolated are usually favored by 
some special structural property. Chloral hydrate is a stable solid (mp 57°С) 
which is a sedative and hypnotic. It is the "knockout drops" or "Mickey 
Finn" of literature. 

Chloral hydrate is the hydrate of chloral (trichloroethanal). The equilib- 
rium constant for its formation is large (3 х 10^). But the equilibrium constant 
for hydration of ethanal is only 1.3. How does the substitution of chlorine 
atoms for hydrogens lead to such a difference in properties? 


^ 
eue + H,O == СН.СНОН), К=13 


о 
VA 
a,c +ню == CLCCH(OH, — Ke 3x 104 
H 


атан 
11-ethanedio| 
Trichloroethanal : 
it 
pn (Chloral hydrate) 


The dipoles of the trichloromethyl and carbonyl groups of chloral op- 
pose each other. That has a destabilizing effect on the molecule for which 
there is no parallel in the parent ethanal. Chloral is less stable than ethanal. 


о о 
VA VA 
ae не 
H ^н 


«= GERE 
In the hydrate, the carbonyl group dipole is replaced by the much 
weaker dipole of the diol. The hydrates of chloral and ethanal are thus much 
closer in energy. Since the equilibrium constants depend on the differences in 
energies between reactants and products for each reaction, we see that the 
hydration of chloral is more favorable. 


Draw an energy diagram showing relative energies of chloral and acet- 


aldehyde and their respective hydrates. 
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PROBLEM Account for the relative magnitudes of the equilibrium constants in the 
8-18 following hydration reactions: 


CH;CHO + Н.О == CH,CH(OH);  K-13 
(CH;);CCHO + НО == (CH;);CCH(OH), K=0.2 


Because the hydrates of most aldehydes and ketones cannot be isolated, 
an indirect method is employed to show that hydration does occur. The use of 
water enriched with the oxygen-18 isotope allows reaction with the carbonyl 
group to be detected even when the carbonyl compound is the only material 
recovered. Hydration of acetone (2-propanone) has been demonstrated by 
using this technique. 

Acetone is mixed with water enriched in !#О. Samples of the mixture are 
removed periodically, and the recovered ketone is analyzed in a mass spec- 
trometer (Appendix). It is found that the !#О of the water is slowly incorpo- 
rated into the ketone molecules; that is, the carbonyl !О exchanges with the 
water 180. Figure 8-3 outlines the acid-catalyzed reversible hydration path- 
way which can account for this result. 


PROBLEM Propose a mechanism for the exchange of 180 for 1°О when '*O-labeled 
8-19 acetone is placed in an aqueous base medium. 


FIGURE 8-3 HE Е 
Oxygen isotopic (CH,C—O + Н+ == (CH;),C=OH 
exchange as an 
indication of A *( 
OH. OH 
acetone hydra- et IET р E a > 
tion. ("О indi- НО: + (Снз);С=ОН == (CH, == (СНС, 
cates the oxygen OH OH; 
несы Protonated acetone hydrate 
GOH, + 
(CHj;C. | == (CHj,C—OH + H,O* == (CHj,C—O + HjO* 
(OH Unlabeled 
acetone 
or 
(Он 
E + 
(CH) == (CH;),C=OH + H,O == (CH,),C=O"+ HjO* 


хх 
COH, Labeled 
7 acetone 
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C. The Addition of Thiols 


PROBLEM 


8-20 


PROBLEM 


8-21 


8-4 


Thiols (mercaptans), the sulfur analogs of alcohols, readily react with 
aldehydes and ketones to produce thioacetals and thioketals. Thiols react 
more rapidly than alcohols because the sulfur atom is more nucleophilic than 
the oxygen atom (Sec. 10-3B). 


CH, 


| 
C,H,CH,CCH, + 2C;H;,5H C,H,CH,C(SC;Hj, + НО 
1-Phenyl-2-propanone Ethanethiol 22-Diethylthio-I-phenylpropane 
(Ethyl mercaptan) A thioketal 


Dry HCI 


The sulfur analogs of hemiacetals, hemithioacetals or hemimercaptals, 
are usually stable enough to isolate. 


о о о он 
12 Ht I c 
C,HCC + "@НэН = C,H,C—CHSC;H;-n 
^u Propanethiol 2-Hydroxy-1-phenyl-2-propylthioethanone 
Phenyl glyoxal Gropy)-mercaptan) A Я 


Suggest а mechanism for the following reaction. 


5 
v 
C,H,CHO + HSCH,CH,CH,SH “> с,ән,сн — ) 
S 


Sodium bisulfite adds to the carbonyl group of aldehydes and some 
unhindered ketones to give a salt, the bisulfite addition product. Sug- 
gest a mechanism for this reversible reaction. 

OH 


z IR | 
(CH,,CHCH,CHO + Ма+50;Н === (CH,),CHCH,CHSO; Na+ 


Hydride as the Nucleophile—Reduction 


Carbonyl groups of aldehydes and ketones represent an intermediate 
stage of oxidation (Sec. 4-3) юга carbon atom. Their reduction is an important 
method for preparing primary and secondary alcohols. Carboxylic acids are 
xidation of aldehydes. Ketones can be oxidized to carbox- 


f d by the o 
бз. under vigorous conditions that involve carbon-carbon bond 


cleavage. 
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o 
6 gen 2 
NCHOH Reduction Уо Oxidation | etn 
Z P4 
OH 
Alcohol Aldehyde or Carboxylic acid 


Ketone 


Reduction of a carbonyl group to an alcohol involves addition of the 
components of hydrogen (H—H) across the double bond. However, addition 
of molecular hydrogen requires special catalysts and often high-pressure con- 
ditions. In the laboratory, carbonyl groups are almost always reduced by 
polar reagents using reactions in which the key step is nucleophilic addition 
of hydride, a hydrogen atom possessing a pair of electrons and thus a nega- 
tive charge (Sec. 2-3C). 


. Complex Metal Hydrides 


Complex metal hydrides are a very useful class of reagents available to 
the chemist. These reagents, though expensive, are an effective source of 
hydride. Lithium aluminum hydride and sodium borohydride are two such 
compounds of general use in organic synthesis, Either of these reagents will 
readily reduce aldehydes or ketones to alcohols. 


О он 


[| . z 
4CH,CH,CCH,; + ^ NaBH; Pow, 4CH,CH,CHCH, 
2-Butanone Sodium borohydride т 2-Butanol 
87% 


E IELO 
«> m НАШ, но” «он 


Cyclobutanone Lithium aluminum hydride Cyclobutanol 
(Lithium tetrahydroaluminate) 90% 


4C;H,CH—CHCHO + NaBH, 2 МеОН/Н,О/ОНТ , 4C H Cc. CHCH Og 


2) H,0* 
3-Phenyl-2-propenal 3-Phenyl-2-propen-1-ol 
(Cinnamaldehyde) (Cinnamyl alcohol) 
90% 


Lithium aluminum hydride is a powerful reagent that is capable of re- 
ducing many different functional groups. Reactions are usually carried out in 
an ether solvent such as diethyl ether or tetrahydrofuran (THF). Anhydrous 
conditions are necessary, since lithium aluminum hydride reacts violently 
with water in an acid-base reaction to liberate hydrogen. The heat of that 
reaction is usually sufficient to ignite the gaseous hydrogen produced. 


LiAlH; + 490 —> 4H, + ШОН + Al(OH); 
* The numbers along the reaction arrow indicate that a stepwise sequence is involved in the 


actual laboratory procedure. In this example the process is carried out in basic aqueous ethanol, 
and then dilute acid is added to complete (“work up") the reaction. 


PROBLEM 


8-22 


PROBLEM 


8-23 
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Sodium borohydride is a less reactive, more selective reagent than lith- 
ium aluminum hydride. It is effective for the reduction of aldehydes and 
ketones, yet it is sufficiently mild to permit reactions to be carried out in basic 
aqueous media. 


Why are anhydrous alcohols not suitable solvents for reductions with 


lithium aluminum hydride? 


Why is reduction with sodium borohydride normally carried out in 


basic rather than in neutral or aqueous media? 


A mechanistic description of reduction by LiAIH, includes the lithium 
ion as a Lewis acid catalyst. The role of the lithium ion here is conceptually 
similar to the role a proton plays in catalyzing nucleophilic addition to a car- 
bonyl group. The better Lewis acid, aluminum hydride (AIHs), ultimately 
ends up bonded to the oxygen atom. 


Les eri 
ue dial —ә—ү-0шАн, — © о-Ани 


One mole of lithium aluminum hydride or sodium borohydride is capa- 
ble of reducing four moles of aldehyde or ketone. The alkoxy lithium alumi- 
num hydrides formed in each step provide the hydride for a subsequent step 
until all four hydrogen atoms are utilized. Final hydrolysis yields the alcohol. 


№ 
Б эрте э s MS i zd Ж Өг 
JCHOAIH,Li* + "C—O — | )СнО),дІн Lit -—— 


N 
C=0 
= К № 
(Xeno) mu RATIS ( Усно) aru EOM „нон 


В. The Stereochemistry of Нуапае Reduction 


During the reduction of an acyclic aldehyde or ketone, the approach of 
hydride normally takes place with equal probability from either side of the 
planar carbonyl group. If a chiral center (Sec. 6-5A) is formed in the conver- 
sion of the carbon atom from trigonal to tetrahedral, the alcohol product will 
be optically inactive; a racemic mixture. Optical activity cannot be generated 
from achiral reactants. 
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PROBLEM Draw the structure of the carbonyl compound which will produce each 
8-24 of the following alcohols on reduction: 


a 1-Butanol g w-( \} снонки, 
b 2-Methylcyclohexanol 
-Buten-1-ol ; 
с 2-Buten-1-o h HO OH 
d 3-Methyl-2-pentanol 


e Benzyl alcohol 


Е (C,H,),CHCH,OH 


PROBLEM The sodium atom of NaBH, apparently does not participate in the re- 
8-25 duction of a carbonyl group. In hydroxylic solvents (ROH), a proton 


from the hydroxy group participates as catalyst in a mechanism similar 
to that suggested for LiAIH,. Draw a picture of the transition state for 
the NaBH, reduction of a carbonyl group. 


Ге) 

| T 

CH,CH,CH,CCH, + NaBH, 2) E'OH/H,0/OH- , 
2) HO* 
2-Pentanone 
„он „он 
CH;CH;CH;CĘ cH, + CH;CH,CH;C& y 
H CH, 
(R)-2-Pentanol (S)-2-Pentanol 
50% 50% 


А racemic mixture 


When the carbonyl group is constrained within a Cyclic structure, access 
to the carbonyl carbon atom may be more favorable from one side of the 
molecule than from the other. For example, the reduction of 4-tert-butyl- 
cyclohexanone with lithium aluminum hydride produces an unequal mixture 
of the cis and trans geometrical isomers (Sec. 6-4A) of 4-tert-butylcyclohexanol 
(Fig. 8-42). In this example we would not have expected optically active prod- 
ucts because the reactants are both achiral. Furthermore, the product alcohols 
possess a plane of symmetry and are therefore achiral. 
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FIGURE 8-4 
Dependence of product distribution on the size of the reducing agent. 
о H OH 
OH 
y + H 
(СНз) (СН): С (CH3,C 
4-t-Butylcyclohexanone trans-4-t-Butylcyclohexanol + cis-4-t-Butylcyclohexanol 
(a) LiAlH, 
E 90% 10% 
CH, 
(b) щсн,сн,Сну„вн 
ЕЕ 12% 88% 


PROBLEM Draw the plane of symmetry for a chair conformation of cis-4-tert- 


8-26 butylcyclohexanol and of trans-4-tert-butylcyclohexanol. 


Formation of an unequal mixture of the 4-tert-butylcyclohexanol stereo- 
isomers is due to a more favorable approach of hydride from one side of the 
ketone molecule. That can be demonstrated experimentally by carrying out 
the same reduction with lithium tri-sec-butylborohydride, a considerably 
larger reducing agent than lithium aluminum hydride. The ratio of products 
changes markedly (Fig. 8-4b). A chemical reaction, such as that above, which 
leads to unequal quantities of product stereoisomers is termed stereoselec- 
tive. A stereospecific reaction results when a specific reactant stereoisomer 
produces a specific product stereoisomer. 

In the examples of Fig. 8-4 the large tert-butyl group remains in the 
equatorial position (Sec. 6-3C). It acts as a conformational label which we can 
use to follow the reaction stereochemistry. The trans product isomer has di- 
equatorial substituents, and the hydroxy group is axial in the cis isomer. 

If the reagent approaches the molecule so as to place hydride in the axial 
position, the hydroxy group will be equatorial and the trans product will be 
formed (pathway a). Equatorial approach of hydride produces the cis alcohol 


H 


i 
(CH3)4C- 


(a) (a) trans 
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(pathway b). When the larger reagent is employed, the less-hindered equato- 
rial approach b is preferred and the cis isomer predominates. 

The cis and trans alcohols are not equal in energy. The trans isomer with 
both substituents in an equatorial position is more stable. Reduction by lith- 
jum tri-sec-butylborohydride provides an example of a reaction in which the 
more stable product is not necessarily the one formed more rapidly. That is, 
reaction kinetics are not always directly related to product stability. In this 
example the energies of the transition states reflect steric factors which are 
different from those of the products. 


PROBLEM Draw an energy profile diagram for the reduction of 4-tert-butyl- 
8-27 cyclohexanone by lithium tri-sec-butylborohydride. 


C. Hydride Transfer from Carbon 


Because the carbonyl group represents an intermediate state of oxida- 
tion between an alcohol and a carboxylic acid, we can conceive of a process in 
which two aldehyde molecules react to give one molecule of carboxylic acid 
and one molecule of alcohol. One molecule of the carbonyl compound oxi- 
dizes the other (or one molecule reduces the other). This type of process is 
often called a disproportionation reaction. 

The Cannizzaro reaction is a disproportionation reaction of aldehydes 
which is mechanistically interesting, though limited in its synthetic utility. 
Whenan aldehyde which does not possess any alpha-hydrogen atoms (hydro- 
gen atoms on the carbon alpha to the carbonyl group, Chap. 12) is heated 
with concentrated sodium or potassium hydroxide, approximately equimolar 
amounts of the corresponding alcohol and carboxylic acid are produced. 


2C,H,CHO + KOH P C,H,CH;OH + C;H,CO,H 
Benzaldehyde М Benzyl alcohol ^ — Benzoic acid 
80% 85% 


p-NO,C,H,CHO + NaOH oe, P-NO;CH,CH;OH + p-NO,C,H,CO,H 
p-Nitrobenzaldehyde * росте alcohol оо acid 
96' 90' 


А mechanistic description of the Cannizzaro reaction follows the now 
familiar pattern of additions to the carbonyl group. Hydroxide is the initial 
nucleophile. Addition to the aldehyde carbonyl group is a reversible process 
reminiscent of the hydration reaction (Sec. 8-3B). Instead of reverting to the 
original aldehyde by loss of hydroxide, the adduct donates a hydride to a 
second molecule of aldehyde by a mechanistic sequence that also regenerates 
a carbonyl group. Although reversal of the initial step is energetically favora- 


PROBLEM 


8-28 


PROBLEM 


8-29 
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ble, the second step (oxidation-reduction) is made effectively irreversible by 
rapid proton transfer between the product carboxylic acid and alkoxide. The 
equilibrium constant for this latter process strongly favors a mixture of the 
alcohol (a weak acid) and the carboxylate anion (the conjugate base of a 
stronger acid). Isolation of the final products is accomplished by acidifying 
the reaction mixture. 


; :0:- 
AU Go: | 
H ÓH 
10:7 с :0:- 
bes em оон 
6 m ato RERUM Vk sa + СёН5СН, == 


OH 


2 H* 
СНС, |  CH,CH,OH === СьН5СО,Н + C;HCH,OH 
O:- 


Crossed Cannizzaro reactions can be carried out by using equimolar 
quantities of two different aldehydes. 


a What would be the product(s) of a reaction between equimolar quan- 


tities of m-hydroxybenzaldehyde and benzaldehyde? 

b Often an excess of formaldehyde serves as the component which is 
oxidized in such a mixed Cannizzaro reaction. What is the practical 
advantage in this approach? 


It is almost always necessary to carry out Cannizzaro reactions at ele- 
vated temperatures even though the later steps in the reaction sequence 
are quite favorable. Account for this in terms of reaction energetics. 


The related: Meerwein-Pondorf-Verley reduction involves transfer of a 
hydride from the oxygen-substituted carbon atom of an isopropoxide group 
toa carbonyl group. An isopropoxide group of aluminum triisopropoxide, the 
reducing agent, is oxidized to acetone. The aluminum atom also functions as 
a Lewis acid to enhance the electrophilicity of the carbonyl group being re- 
duced. The reversible reaction can be easily forced toward completion by 
removal of the low-boiling-point product acetone (bp 56°C). 
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PROBLEM 
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PROBLEM 


8-31 


CH,J,CHOH 
[сво + JANOCH(CH), |e Е 


Cyclopentylmethanal Aluminum triisopropoxide 


(Су-е OAI[OCH(CHj4]; + (СН),С=О 0" > Be, (у-н, OH 


Cyclopentylmethanol 


Suggest a step-by-step mechanism for the reduction of cyclopen- 
tylmethanal by aluminum triisopropoxide. 


The Oppenauer oxidation is mechanistically related to the Meerwein- 
Pondorf-Verley reduction. Aluminum triisopropoxide in acetone is 
used to oxidize an alcohol to an aldehyde or ketone. 


a Suggest a mechanism for the oxidation of cyclohexanol by the Op- 
penauer method. (The first step is an alcohol exchange with the alu- 
minum alkoxide.) 


b How can the reaction be carried out to maximize the yield of product? 


Reduction of carbonyl groups in biological systems by the coenzyme 
nicotinamide adenine dinucleotide (NADH) is an extremely important oxida- 
tion-reduction process which is closely related to the reactions considered 
above. The dihydronicotinamide portion of the nucleotide transfers a hydro- 
gen atom (presumably as a hydride) from its number four carbon atom to a 
carbonyl group. Zinc ions present in the active enzyme apparently function as 
Lewis acids to polarize the carbonyl group. 


H 
CONH, о CONH, OH 
S á | [H+] aS = | 
Imo + CH,CCO,H | + CH,CHCO,H 
ON „22. +f 
y 
NADH 2-Oxopropanoic acid NAD+ 2-Hydroxypropanoic acid 
(Pyruvic acid) (Lactic acid) 


(Only 
dihydronicotinamide 
portion) 


. Asymmetric Induction during Hydride Transfer 


The enzyme-catalyzed reduction of 2-oxopropanoic acid (pyruvic acid) 
to 2-hydroxypropanoic acid (lactic acid) by NADH (Sec. 8-4C) converts an 
achiral compound to a chiral compound. Furthermore, the reaction is stereo- 
selective. Only one enantiomer—L-lactic acid (the (S) configuration)—is pro- 
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duced. The stereoselectivity of biological reactions is a very important part of 
natural processes. 

But how is it possible to generate an optically active product from an 
inactive reactant? When we examine the total system undergoing reaction, we 
find that the complex enzyme to which dihydronicotinamide is connected is 
optically active. Thus the chemical conversion can take place in an asymmet- 
ric manner. We say that the reaction proceeds with asymmetric induction. 

Let us use a schematic model to see why asymmetric induction is ob- 
served (Fig. 8-5). We will assume that the enzyme has an (R) configuration. 
(The actual enzyme possesses many chiral centers.) The process of transfer of | 
a hydride from the enzyme to the carbonyl group passes through transition 
states which lead to either (R) or (S) products. The two transition state struc- 
tures, (R,R) and (R,S) are diastereomers, and so they differ in energy (Sec. 
6-5E). The pathway to one enantiomeric product is more favorable than that 
leading to the other. 

Although asymmetric induction is often relatively low in simple labora- 
tory reactions, enzyme-mediated stereoselective syntheses are effectively uti- 
lized in the pharmaceutical industry. One of the challenges for organic chem- 
ists is to devise catalysts that mimic the stereospecific catalyses typical of 
enzyme systems. 


8-5 Carbon as the Nucleophile—Organometallic 
Compounds 


Metal atoms bonded to carbon are encountered in many fields of chem- 
istry. We know that certain metal elements are required in our diet. Complex 
molecules of biological interest such as chlorophyll and hemoglobin contain 
metal atoms. Many metal ions are toxic. The ecological effects of mercury salts 
have attracted much interest because the salts are toxic, as are the organomer- 


FIGURE 8-5 
A schematic diagram of asymmetric induction during reduction of pyruvic acid to 
lactic acid. 
Ї „СН; ,CO;H 
(R)-Enzyme—H + CH4CCO;H == т. or (К)-Епгуте--Н---СсеСНз 
х D О 
Pyruvic acid (R,R) Transition state (R,S) Transition state 
; СН; COH 
(R)-Enzyme + нса он or H—c—CH; 
OH OH 
(R)-Lactic acid (S)-Lactic acid 


Stereoisomer actually 
formed 
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curial compounds synthesized by many microorganisms. In Chap. 15 we will 
learn that catalysis of organic reactions by transition metal compounds is one 
of the most rapidly developing, and economically important, areas of chemis- 


In the present section we consider only one aspect of organometallic 
chemistry: the generation of nucleophilic carbon atoms and their subsequent 
addition to carbonyl groups. The overall process is one of the most useful 
synthetic methods for formation of carbon-carbon bonds. 


. The Nature of Organometallic Compounds 


The carbon atom is more electronegative (Sec. 2-3) than most metals. 
Another way of stating this is to say that most metal atoms to which a carbon 
atom bonds are more electropositive than the carbon atom. The result is that 
most organometallic compounds are polar. 


The degree of ionic character (a measure of bond polarity) for a chemical 
bond can be estimated from the electronegativities of the individual atoms 
(Table 2-3). Data of interest to us are compiled in Table 8-3. Compounds with 
ionic character greater than 50 percent are usually classed as ionic. As a point 
of reference, the data of Table 2-3 indicate that sodium chloride has 67 percent 
ionic character in the crystalline state. 

The reactivity of organometallic compounds is related to the ionic char- 
acter of their carbon-metal bonds. Thus organopotassium or organosodium 
compounds are more ionic and therefore more reactive than organolithium or 
organomagnesium compounds. 

Organometallic compounds are normally not dissociated into free ions 
in the solutions in which their reactions are carried out. Yet much of their 
chemistry can be predicted and explained by regarding them as carbanion 


TABLE 8-3 Ionic Character in Carbon Metal Bonds 


Carbon Metal 

Carbon Metal Electronegativity Approximate 
Bond Difference Tonic Character 
C—K 1.8 51% 
C—Na 1.7 47% 
C—Li 1.6 43% 
C—Mg 1.3 3496 
C—Zn 0.9 18% 
C—Cd 0.8 15% 


C—Hg 0.6 9% 
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donors. Though we will be considering the nucleophilicity of organometallic 
compounds in this section, their carbanion character also makes the com- 
pounds basic. Recall that a carbanion is the conjugate base of a very weak acid 
(Sec. 4-1C). Organopotassium, -sodium, -lithium, and, to some extent, 
-magnesium compounds function as powerful bases in organic synthesis. 


. Preparation of Organometallic Compounds 


Organometallic compounds are normally prepared from organohalogen 
compounds (Sec. 3-2D). Some are prepared by the direct reaction of an or- 
ganohalogen with the metal; others are best formed by a metal exchange 
reaction. 

Magnesium, lithium, and, in some cases, zinc react directly with or- 
ganohalogens. Ethers, usually diethyl ether or tetrahydrofuran (THF), are the 
most common solvents used for the reactions. Conditions must be anhy- 
drous, and it is best to exclude air because oxygen and carbon dioxide also 
react with most organometallic compounds. The reactivity for the formation 
of organometallic compounds from organohalogens depends on the halogen 
and generally follows the order I > Br > Cl. Organofluorides are quite unre- 
active and are seldom used. 

CpHsBr + Mg 82,  C,H,MgBr 


Bromobenzene Phenylmagnesium bromide 


CH,CH,CH,CH,CI + 214 19, CH,CH,CH,CHyLi + LiCl 


1-Chlorobutane Butyllithium 


BrCH,CO,CH, + Zn+#2, BrZnCH,CO,CH, 


Methyl bromoacetate Methyl bromozincacetate 
(Methyl 2-bromoethanoate) 


Organometallic compounds also are prepared by exchange reactions 
with more easily formed substances. These reactions are reversible and the 
position of equilibrium depends primarily on the relative electronegativities 
of the metals involved. Organocadmium, organomercury, and in some cases, 
organolithium compounds are usually prepared by an exchange reaction. 


2CH,CH,MgCl + CdCl, == (CH,CH,),Cd + 2MgCl, 
Ethylmagnesium chloride Diethylcadmium 


2C,H,CH,MgCl + НЕСІ, == (C4H;CH;);Hg + 2MgCl, 
Benzylmagnesium chloride Dibenzylmercury 


C,H,Cl + CH,CH,CH,CH,Li == C,H,Li_ + CH,CH,CH,CH,Cl 


Chlorobenzene Butyllithium Phenyllithium 1-Chlorobutane 
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PROBLEM 


8-32 


Indicate the reactants which will produce the following organometallic 
compounds: 


a (CH3;CHCH;MgBr 
b C;H&CHaLi 

с (CH3);Cd 

d C H;Mgl 

e CH;CH4Li 


C. The Grignard Reaction 


The use of organomagnesium halides, Grignard reagents, was devel- 
oped early in this century by the French chemist Victor Grignard, who for that 
reason shared the Nobel prize for chemistry in 1912. The Grignard reaction 
has proved to be one of the most versatile methods for the formation of 
carbon-carbon bonds. Addition of Grignard reagents to aldehydes leads to 
primary or secondary alcohols whereas addition to ketones provides tertiary 
alcohols. Additions to carbonyls by Grignard reagents are reduction reac- 
tions. 


1) Be: 


+ HCHO CH,CH,CH,OH 
Formaldehyde 1-Propanol 
он 
CH,CH,MgBr |+ CH,CHO Iso CH,CH,CHCH, 
Ethylmagnesium Acetaldehyde А 2-Butanol 
bromide 
= OH 
+ CH,CCH, poss CH,CH,C(CH,), 
Acetone 2-Methyl-2- 
butanol 


In a typical Grignard reaction the organohalogen compound is slowly 
added to magnesium metal suspended in an ether solvent. There is usually a 
short wait until reaction begins, and then the mixture becomes cloudy as the 
exothermic reaction proceeds. The Grignard reagent is normally not isolated 
but is utilized immediately by slowly adding to it an ether solution of the 
carbonyl compound. To this point all reagents must be anhydrous because 
Grignard reagents react rapidly with water. After reaction between the Grig- 
nard reagent and carbonyl compound is completed, dilute aqueous acid is 
added to produce the alcohol product. 

The structure of the Grignard reagent has been extensively investigated. 
The organometallic species in solution depends on the reaction medium as 
well as the structure of the organic portion of the molecule. We will follow the 
common practice of representing the Grignard reagent as RMgX. This struc- 


PROBLEM 
8-33 
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ture accounts for the stoichiometry of the reaction and provides a basis for the 
simplest picture of the reaction mechanism. 

The reactivity and reaction mechanisms of organometallic reagents 
closely parallel those of metal hydrides (Sec. 8-4A). The magnesium atom 
forms a complex with the carbonyl oxygen and enhances the electrophilicity 
of the carbonyl carbon atom. Addition of the organic portion of the reagent 
(the nucleophile) to the carbonyl carbon (the electrophile) leads to an alkox- 
ide, the initial product of a Grignard reaction. Hydrolysis of the alkoxide 
produces the alcohol product. 


\ N | 
С=О + RMgX RE LR ¢ OMgx -®©*, R o OH 
ВМХ 
Dilute acid is used to dissolve the rather viscous suspension of magne- 
sium hydroxide which forms in neutral or basic media. Saturated aqueous 
ammonium chloride is often the preferred reagent for work-up of the reac- 
tion— particularly in the preparation of tertiary alcohols, in which acid-cata- 
lyzed elimination of water to form alkenes (Sec. 14-5C) can be an undesirable 
side reaction. 


CH,CH,CH,CH,Br M829, CH. CH,CH,CH,CH,OH 


2)HCHO 
1-Bromobutane 3)H,0* 1-Pentanol 
93% 
Ne 
1) Mg/Et,O 
(CH4),CHBr "3 CH, CHO" (CH3); CHCHCH, 
2-Bromopropane 3) H,O* 3-Methyl-2-butanol 
54% 
1) Mg/Et,O OH 
2) CH,CHO | 
cl Br 3) H,0* CI CHCH, 
m-Chlorobromobenzene ааа то 
он 
1) Mg/Et,O 
СНУ AE (СН.).СНССН(СН.) 
al aranca СИР 3 
3) NH,CI/H,O CH, 
Iodomethane 2,3,4-Trimethyl-3-pentanol 
95% 


(Methyl iodide) 


Draw the structure and provide a name for the product in each of the 


following Grignard reactions: 
1) Et,0 


а (CH, CHCH,MgBr + HCHO о? 


1) EO 
b C,H,MgBr + CH,CH,CHO уно” 
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1) Et,0 


| 
c CH,C-CMgBr + CH;CCH, - иона 


1) EO 
-i o‘ 
d CH;Mgl + ( yo 2) H,O/NH,CI 


Carbon dioxide has the structural characteristics of a carbonyl group and 
readily reacts with Grignard reagents. For that reason, atmospheric CO; is 
not allowed to enter the apparatus during a Grignard synthesis. However, 
the reaction with carbon dioxide can be used for the preparation of carboxylic 
acids. Normally, a solution of the Grignard reagent is poured onto an excess 
of solid carbon dioxide (dry ice) at its sublimation temperature of —78°С. 
The method results in formation of a carboxylic acid possessing one more 
carbon atom than the Grignard reagent. 


1) Mg/Et,O 
(CH4),CCI "3j CO; (есен)? (CH3)CCO;H 
2-Chloro-2-methylpropane з) H,O+ 2,2-Dimethylpropanoic acid 
(tert-Butyl chloride) (Pivalic acid) 
70% 


The Grignard reaction is quite versatile, but has some limitations. The 
requirement that reactions be carried out under anhydrous conditions is a 
consequence of the strong basic character of the reagent. Water converts the 
Grignard reagent to its parent hydrocarbon. 


2CsHsMgBr + 290 —> 2CsHs + Mg(OH), + MgBr; 


A Grignard reagent cannot be prepared if the organohalogen precursor 
also contains an acidic functional group such as an alcohol or a carboxylic 
acid, or even other potential proton donors such as primary and secondary 
amines. These groups, if present in the carbonyl component, will also react 
with the Grignard reagent and inhibit the desired addition. 


The troublesome reaction of water with the Grignard reagent can be 


put to good use in certain instances. Suggest a synthetic route to 
2-deuteriopropane from 2-bromopropane by a Grignard sequence. 


Hydride reduction of the carbonyl group can be a troublesome side reac- 
tion accompanying Grignard addition. This competing reaction is analogous 
to transfer of hydride from aluminum alkoxides (Sec. 8-4C). A hydrogen atom 
is transferred from the carbon atom beta to the magnesium via a cyclic six- 
member transition state. 


PROBLEM 
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PROBLEM 
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Reduction becomes significant when the reactants (carbonyl or 
Grignard) are bulky and hinder approach of the organic group to the carbonyl 
carbon atom. The smaller hydride then becomes the sterically preferred nu- 
cleophile. Grignard reagents derived from aryl halogen precursors do not 
produce this side reaction nor do haloalkanes with no beta-hydrogen atom. 


ll 
CH,CH,CH,MgBr + (CH,),CHCCH(CH,), ae 
Propylmagnesium 2,4-Dimethyl-3-pentanone у, 
bromide 
он он 
СЄН,СН,СН,С[СН(СН),}, + (СНЭ.СНСНСн(СН)), + CH;CH=CH, 
3-Isopropyl-2- 2,4-Dimethyl-3- Propene 
methyl-3-hexanol pentanol 
30% 70% 
Addition Reduction 


Compare the transition state structure for reduction of a carbonyl group 
by a Grignard reagent with that of the aluminum alkoxide reduction 


(Sec. 8-4C). 


Determine the oxidation states at carbon to show that addition of a 
Grignard reagent or a hydride to a carbonyl group is indeed a reduc- 
tion. 


Other Organometallic Reagents 


Organolithium compounds are more reactive than organomagnesium 
reagents (Table 8-3) but have similar uses in synthesis. Because organolithium 
compounds are more difficult to handle, Grignard reagents are preferable for 
simple additions to carbonyl compounds. However, the greater reactivity of 
the organolithium reagents enables addition to hindered carbonyl groups to 


be accomplished in good yield. 


(CH,),CBr +0 De (CH,),CLi 
2-Bromo-2-methylpropane tert-Butyllithium 
(tert-Butyl bromide) 


| 1) Et,0/—60°C 
(CHy),CLi+ —(CHjCCQCH). — Qs ^ (CH) COH 
2,2,4,4-Tetramethyl-3-pentanone 2 3-tert-Butyl-2,2,4,4-tetramethyl 
3-pentanol 


81% 
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Organosodium and organopotassium compounds are so reactive that 
they are seldom used for additions to carbonyl groups. They must be handled 
extremely carefully for they react with ethers and may spontaneously ignite if 
exposed to the air. In the laboratory these organometallic reagents are usually 
handled as slurries of the solids in hydrocarbon solvents under an atmos- 
phere of an inert gas such as nitrogen or argon. 

At the other extreme are organozinc and organomercury compounds. 
They are not very reactive, and so they are very selective in their reactions. 
We will see examples of their reactions in later parts of this textbook. 


. Synthesis Using Grignard Reagents 


We introduced the Grignard reaction as one of the most versatile meth- 
ods for constructing carbon skeletons. The chemistry of Grignard reagents 
therefore is a logical subject with which to begin consideration of organic 
synthesis. 

The ultimate goal of a synthesis sequence is to prepare a product in high 
yield by the shortest, most efficient, and least expensive pathway. Often a 
compromise among those factors must be reached. For example, an industrial 
process must usually use the least expensive materials, whereas synthesis in a 
specialty laboratory may employ more exotic reactants. 

When an alcohol is to be prepared, the synthesis sequence will often 
begin with an aldehyde or a ketone. Hydride reduction of the carbonyl group 
(Sec, 8-4) will produce an alcohol containing the same carbon skeleton as the 
starting material. However, if an alcohol containing additional carbon atoms 
is the synthetic target, a Grignard reaction is often the desired method. 

Consider the synthesis of 1-phenylethanol, a secondary alcohol. The 
required carbon skeleton can be constructed from a Grignard synthesis by 
combining the carbonyl compound and Grignard reagent in either of two 
ways: 


QH oa 
C,H.CH—CH; C,H,—CHCH, 
1 | à А ju Й 

Aldehyde Grignard Grignard Aldehyde 


One approach makes use of benzaldehyde, and the other employs ethanal 
(acetaldehyde). The required Grignard reagents in each case are readily pre- 
pared from available organohalogens. 


1* СНХ + Mg =°, CH,MgX 
OH 
1) EO | 
CH,MgX + CH,CHO 2850, сн CHCH, 


2) H,0* 


* Gaseous chloromethane (bp —24°С) would be used for an industrial process. Iodomethane, а 
liquid (bp 42°C), is more expensive but would probably be more convenient in a laboratory 
synthesis. 
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2 СН, Вг + Mg E. C, H;MgBr 
Ths 
CHsMgBr + СН.СНО EE dE C,H,CHCH; 
a 

In this example both approaches are expected to proceed without diffi- 
culty and in good yield. For a small-scale laboratory synthesis the choice 
might simply reflect which starting materials are available in the laboratory 
storeroom. 

Now consider the preparation of 2,4-dimethyl-2-pentanol, a tertiary al- 
cohol, from a ketone and a Grignard reagent. Two combinations of reactants 
are possible. 


QH он 
(CH,),CHCH,C—CH, (CH,),CHCH,—C—CH, 
L СНз, L LJ L JL CH; J 

Ketone Grignard Grignard Ketone 


In this case we would normally choose the route which uses the methyl 
Grignard reagent. In an addition reaction it is usually sterically advantageous 
to add the small group to the larger molecule. Furthermore, the methyl Gri- 
gnard reagent has no beta-hydrogen atom so that competing reduction (Sec. 
8-4C) is not a potential problem. 

As we continue the study of organic chemistry, an increasing number of 
reactions will become available for application to syntheses. The key to de- 
signing a synthesis sequence is to recognize structural characteristics of the 
desired product and then make use of your storehouse of reactions in attain- 
ing the goal. Choice of the most appropriate sequence involves the same logic 
as does the solving of a puzzle (Chap. 20). 


Suggest a Grignard synthesis for the preparation of each of the follow- 
ing alcohols: 
OH 


| 
а C,H,C(CHj), (two possibilities) 
b (CH,),CHCH,CH,OH 

OH 


e (CH), C CH,CH, (two possibilities) 
d C,H,CH,CH,OH 
e (C,H;);COH 
CH; 
f CH,CH,CCH,CH,CH, (three possibilities) 
H 


248 


Nucleophilic Additions to the Carbonyl Group—Aldehydes and Ketones 


8-6 Nitrogen as the Nucleophile 


A very large number of structurally varied and often biologically impor- 
tant compounds contain a nucleophilic nitrogen atom. That nitrogen atom is 
usually part of an amine group. The initial addition of an amine to a carbonyl 
carbon atom is analogous to that of the oxygen and carbon nucleophiles con- 
sidered in preceding sections of this chapter. However, the adduct, a car- 
binolamine, commonly loses water to give a product containing a carbon- 
nitrogen double bond, an imine, or a carbon-carbon double bond, an 
enamine. 
ноз NH, —> не + H,O 


An imine 


liso E Wd us 
CH-C=0 + "NH — С=С + Ho 


An enamine 


. Imines 


Primary amines react with aldehydes and ketones to produce com- 
pounds possessing а carbon-nitrogen double bond and known as imines or 
Schiff bases. Imines are often not very stable, yet they may be important 
intermediates in some reactions. 


CH,NH, + CHO == 
H 


Methanamine Ethanal 
(Methylamine) ^ (Acetaldehyde) 


он 
CH,CHNHCH, | == CH,CH=NCH, +H,O 
1-(N-Methylamino)ethanol 2-Aza-2-butene 


The formation of imines is catalyzed by dilute acid. Reaction is normally 
most rapid at a pH of 3-5. Increasing (pH < 3) or decreasing (pH > 5) the 
acidity of the medium decreases the reaction rate. The effect of acidity be- 
comes clear when we discover that the loss of water from the carbinolamine, 
an elimination reaction (Sec. 4-2B), is catalyzed by acid. Furthermore, dehy- 
dration is the rate-controlling step of the two-step sequence. 

Since dehydration is acid-catalyzed, it seems clear that an increase in 
acidity (lower pH) should result in an increase in the rate of dehydration and 
thus in the rate of reaction (Fig. 8-62). Why then is the reaction optimum at an 
intermediate pH and less favorable at high acidity? 

Consideration of the first (addition) step provides an answer. The amine 
is nucleophilic owing to the unshared pair of electrons on nitrogen. As the 
acidity of the reaction medium increases, the amine is protonated and be- 
comes nonnucleophilic (Fig. 8-65). Addition to the carbonyl group no longer 
takes place. The reaction is a balance between two steps which depend upon 
pH in opposite ways. 
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FIGURE 8-6 А бн 
The effect of uA ЭНИН 4. 
acidity on imine —NH—C— —— —NH-C, + :OH- Slow 
formation. | à ry 
он 
SESS 
NH-C— FH = NH=CC HIELO: Raster 
(a) Effect of acid on dehydration 
RNH, + Н == RNH, 
Nucleophilic Nonnucleophilic 
(b) Effect of acid on amine nucleophilicity 
PROBLEM The imine which forms from the reaction of p-methylaniline and benz- 
8-38 aldehyde in dilute acid is a stable solid (mp 35°С). 


C,H,CHO + p-CH,C,H,NH, 0°, C,H,CH—NC,H,CH,-p 


a Why is this imine expected to be more stable than imines formed 
from simple aliphatic amines and aldehydes? 


b Propose a mechanism for its formation. 


B. Derivatives of Carbonyl Compounds 


Before modern spectroscopic instrumentation (Appendix) became read- 
ily available, organic compounds or their degradation products were often 
identified through conversion to solid derivatives having known melting 
points. Hydroxylamine, phenylhydrazine, 2,4-dinitrophenylhydrazine, and 
semicarbazide are reagents which were commonly employed in the character- 
ization of aldehydes and ketones. All their carbonyl derivatives are stable 
imines. These reagents are still used for some standard tests as well as in the 
analysis of trace carbonyl components in atmospheric studies. Note that each 
reagent forms a derivative by the substitution of a nitrogen atom for the car- 


bonyl oxygen atom, which is lost as water. 


qx — { )ewon eo 


Cyclohexanone Hydroxylamine Cyclohexanone 
(mp —31°C) oxime 
(mp 90°C) 
An oxime 
T 
C,H,CCH, + CeH,NHNH, — CoH =NNHCH, +H,O 
CH, 
Acetophenone Phenylhydrazine Acetophenone 
(1-Phenylethanone) phenylhydrazone 


(mp 105°C) 
(йр) A phenylhydrazone 
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О 
Ж 
CoH + H,NNHCONH, —> C,H,CH—NNHCONH, + H,O 
Benzaldehyde Semicarbazide Benzaldehyde 
(mp —26°C) semicarbazone 


(mp 222°C) 
A semicarbazone 


NO, о, 
в. + on S e T Case yv. 
H 


Furfural 2,A-Dinitrophenylhydrazine Furfural 
(mp —39°C) 2,-Dinitrophenylhydrazone 
(mp 229°С) 


A 2,4-dinitrophenylhydrazone 


PROBLEM a Write the chemical equation for the reaction of p-methoxyben- 
8-39 zaldehyde with: 


i Hydroxylamine (H,NOH) 


ii 2,4-Dinitrophenylhydrazine | ON 


| 
iii Semicarbazide eee 
iv Phenylhydrazine (CH;NHNH,) 
b Suggest a mechanism for the formation of the oxime at pH — 5. 


C. Enamines 


The nitrogen atom of a secondary amine adds to a carbonyl group by a 
process very similar to that involving primary amines. The structure of the 
product actually isolated differs, however, in that the double bond does not 
involve the nitrogen atom but has isomerized to the adjacent carbon-carbon 
bond. The alkene-amine product known as an enamine, can be isolated and 
used as a synthetic intermediate (Sec. 12-5C). 


E $ iu «бењон. N +ңо 


Cyclohexanone Pyrrolidine N-(1-Cyclohexenyl)pyrrolidine 
Ап enamine 


* para-Toluenesulfonic acid (often abbreviated TsOH), a useful acid catalyst soluble in nonaque- 
ous media. 


PROBLEM 
8-40 
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о N(CH;), 


+ (CHj,NH => THO 


Dimethylamine 1-Dimethylaminocyclohexene 


The reason that an enamine rather than an imine is formed becomes 
obvious when the mechanism of the dehydration step is considered. Loss of 
water would lead to an iminium salt. There is no hydrogen atom on the 
nitrogen atom that can be lost to give an imine. Rather, a hydrogen is lost 
from the beta-carbon atom to produce the carbon-carbon double bond of the 
enamine. 


id s NŚ ues 
B: гаан —À JC-CH-N, + BH 


a The sequence for preparation of an enamine usually includes some 
method for removing water from the reaction. Why is this important? 


b Suggest a mechanism for the formation of the enamine from cy- 
clohexanone and pyrrolidine. 


Transamination 


One interesting role of imines is as intermediates in the biologically im- 
portant transamination reaction. Transamination is the process whereby an 
amino group is transferred from one molecule to another. In living systems 
the amino group of an amino acid is transferred to the carbonyl group of 
another molecule. The sequence, promoted by a transaminase enzyme, is a 
method for forming new amino acids. 


ee m Glutamate 
CH,CHCO;H + HO,CCH,CH,CCO;H transaminase 
n aaa Ея 
(Alanine) (a-Ketoglutaric 
An amino acid acid) 


[ү 
1 
CH,CCO,H + HO,CCH,CH,CHCO;H 


2-Aminopentanedioic 
acid 
(Glutamic acid) 
Ап amino acid 


2-Oxopropanoic 
aci 
(Pyruvic acid) 
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All the important transaminase enzymes appear to have a common co- 
enzyme, pyridoxal phosphate. Coenzymes are the small, nonprotein constit- 
uents of enzymes which are often required for enzyme activity (Sec. 22-3). 


CHO 
HO. A, | CH,OPOSH, 


| 
CH; N^ 


Pyridoxal phosphate 


Biological transamination is not the simple transfer of an amino group 
from one molecule to another. The carbonyl group of the coenzyme pyridoxal 
actually forms an imine with the amino group of the "donor" amino acid. 
Subsequent reaction of this adduct with the "acceptor" carbonyl compound 
results in the formation of a new amino acid and regeneration of the pyridoxal 
fragment. Pyridoxal is the carrier of the amino group from one reactant to the 
other. The multistep sequence involves a series of reversible additions and 
isomerizations (Fig. 8-7). 


FIGURE 8-7 o NH, 

Pyridoxal cata- Ж 

габа tied *PRP—C/ -+ RCHCO,H == PRP—CH=NCHR + H,O 
nation. ^H сон 


PRP—CH—NCHR = PRP—CH,—N—CR 
COH COH 


ll 
PRP—CH,—N—CR + H,O == PRP—CH,NH, + RCCO,H 
CO,H 


I 
PRP—CH;NH, + R'CCO,H == PRP—CH,N=CCO,H + ЊО 


g 

PRP—CH.N=CCO,H == РАР-СН-М-СНСО,Н 

R R' 
o № 
PRP—CH=N—CHCO,H + H,O == PRP—CÁ + R'CHCO;H 
b H 

CH, OH 
*BRP ЕЕ М 

V / 
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Consider each imine involved in the pyridoxal-catalyzed transamina- 


tion (Fig. 8-7). Identify the original amino and carbonyl components of 
each structure. 


8-7 Nucleophilic Addition to Carbonyl Analogs 


Polar unsaturated groups other than carbonyl undergo nucleophilic 
additions. Of particular interest to the organic chemist are functional groups 
with carbon-nitrogen multiple bonds. Most reactions of imines and nitriles 
are analogous to those of aldehydes and ketones. 


ма + СЕ: == мс 


E jud 
Nu у 28 — ET RR ski 


Nucleophilic Addition to Imines 


We have seen that imines, though unstable, may be important interme- 
diates along a reaction pathway. A class of reactions known as reductive 
aminations involve hydride addition (reduction) to the carbon-nitrogen dou- 
ble bond of stable or transient imines. 

C,H,CH—NC,H, — SPP > C,H,CH,NHC,Hs 


MeOH/H,O 
1,2-Diphenylazaethene N-Ehenylbanzylamine 
9' 


The Eschweiler-Clarke conversion of primary to secondary or tertiary 
methyl amines is an example of reductive amination in which formaldehyde 
is the carbonyl compound and formic acid is the reducing agent. 


C,H,CH;NH, + 2HCHO + 2HCO,H —> CgH;CH,N(CHy)p + 2CO, + 2H;O 
Benzylamine Formaldehyde Formic acid Ул Dimethyienryiamne 


Reaction of formaldehyde with the amine forms an imine. Formate functions 
as the reducing agent as carbon dioxide is evolved. The role of formate ion as 
a source of hydride is similar to that observed for an aldehyde group in the 


Cannizzaro reaction (Sec. 8-4C). 


CgH;CH,NH, + HCHO === C,H,CH,N=CH, + H,O G 
О:- 
+4 Mt 
C,H,CH;N—CH, + HCO,H == CoH CHAN CH, + BECO v 
О 


R 
C,H,CH,NHCH, + CO, ан? CgH;CH,N(CH3). 
N-Methylbenzylamine N,N-Dimethylbenzylamine 
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PROBLEM Sodium cyanoborohydride, a borohydride reducing agent introduced 
8-42 in the 1970s, reacts with a carbonyl compound and an amine to produce 


a new amine. 


(no + eon + NaBH,CN —> N(CHj), 
Sodium 


cyanoborohydride 
Outline the steps in this synthetic sequence. 


B. Nucleophilic Addition to Nitriles 


Addition of water (hydration) to nitriles is a method for forming amides 
(Sec. 9-3). Water (the nucleophile) adds to the electrophilic carbon atom to 
form an unstable isoamide (a hydroxyimine). Tautomerization leads to the 
more stable amide. 


ÓH, OH о 


HŐ + CHN: — сн E 0 age ec 
20 + СНС: —= EON aM == Rd 
: N ^NH NH, 
Ethanenitrile An isoamide Ethanamide 
(Acetonitrile) (not isolated) (Acetamide) 


The hydration reaction is catalyzed by either acid or base. A small 
amount of hydrogen peroxide in the presence of sodium hydroxide markedly 
enhances the rate of reaction. Under more vigorous conditions (usually heat- 
ing), subsequent hydrolysis of the amide takes place to produce a carboxylic 
acid (Sec. 9-2B). 


CH; CH; 
Cs "ERO: ROUES (con 
o-Methylbenzonitrile o-Methylbenzamide 
92% 
CoH,GH—CN C;H,CHCONH, 
C,H,CH—CN + H,O 89", CH,CHCONH, 
2,3-Diphenylbutanedinitrile 2,3-Diphenylbutanediamide 
(2,3-Diphenylsuccinonitrile) (2,3-Diphenylsuccinamide) 
90% 


Hydride addition to nitriles (reduction) is a procedure for preparing pri- 

amines. The stoichiometry of the reaction requires two atoms of hydro- 
gen (0.5 mol of lithium aluminum hydride). An imine analog is presumed to 
form first, but it cannot be isolated because the second reduction step is faster 
than the first. 


PROBLEM 
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CH; CH, 


N + ПАН, ко, \ у CH—N-—AIH;Li* D DATE OS 


2) HjO* 


o-Methylbenzonitrile CH 
3 


o-Methylbenzylamine 
88% 


: 1) AICI,/Et,0 
(С;Н,),СНСМ + LiAIH, 2 x 4:0 , (CH. CHCH,NH; 


2,2-Diphenylethanenitrile 2,2-Diphenylethylamine 
(2,2-Diphenylacetonitrile) 91% 
An interesting reaction of a nitrile is the addition оЁ а Grignard reagent 

(Sec. 8-5C) to produce a ketone. The addition is normally slow, and the imine 
analog which forms initially is stable to further addition. Treatment with 
water produces an unstable imine (an imine of ammonia) which readily hy- 
drolyzes to a ketone. The relative ease of formation of a variety of Grignard 
reagents (Sec. 8-5B) and nitriles (Sec. 11-7B) makes this a rather versatile ap- 
proach to ketone synthesis. 


О 
эко | 
CH,CH,CN + C,H;MgBr 990+ CH4,CH,CC4H; 
з 
Propanenitrile Phenylmagnesium 1-Phenyl-1-propanone 
(Propionitrile) bromide (Propiophenone) 
1) ЕО 
p-CH4,C,H4CH;,CH;,CN + C,H5MgBr EOM p-CH,C,H,CH,CH,CC,H,, 
3! 
3-p-Tolylpropanenitrile Phenylmagnesium bromide И propanone 


Why does the Grignard reagent not add to the carbonyl group when a 


ketone is prepared by addition of the reagent to a nitrile? 


Summary 


‚ The Chemistry of Carbonyl Compounds 


The polar character of the carbonyl group provides a guide to develop- 
ment of an understanding of the chemistry of carbonyl compounds. The car- 
bon atom of a carbonyl group is the positive end of the dipole, and the oxygen 
atom is the negative end. Nucleophiles add to the carbonyl carbon atom, and 
electrophiles add to the carbonyl oxygen atom. 
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\8+ 8- 

С=О 

ue 
Nucleophile — Electrophile 


Nucleophilic additions to carbonyl compounds take place in basic, neu- 
tral, and acidic media. The more reactive nucleophiles tend to undergo reac- 
tion in neutral or basic media such that addition to the carbonyl carbon atom 
is the initial and usually the rate-controlling step. 


Ue DM hear 
М: C=O —— Nu-0-0: 


In acidic media proton addition or attachment of other Lewis acid cata- 
lysts to the carbonyl oxygen atom is the rapid first step. Protonation of the 
carbonyl group so enhances the electrophilicity of the carbonyl carbon atom 
that even nucleophiles of low reactivity will add. 


s * 
)C=0H | 
x " 
=O +H = | NET м-с-он 
NS з 
„ӧн 


The course of nucleophilic addition to а carbonyl compound depends 
on the nature of the nucleophile and the stability of the initial adduct. 
Addition is reversible in most cases. The following reaction pathways are 
observed: 


1 In the addition of HCN or oxygen nucleophiles the values of the equilib- 
rium constants are sufficiently close to 1 that structural changes in the 
reactants can make practical differences in the extent of conversion to 
products. 


\ | 
JC=0 + ROH = RO-—C—OH 


2 In some reactions, addition of water for example, the rate at which equilib- 
rium is reestablished is so rapid that isolation of product may not be possi- 
ble even when the equilibrium constant is favorable. 

3 Although the addition of hydride or organometallic compounds is reversi- 
ble in principle, the equilibrium constant is usually large. The typical meth- 
ods of reaction lead to stable products which cannot revert to starting mate- 
rials. 


| 
уз О + КМ == R $ OM == R е OH 
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4 When the nucleophilic atom of the initial adduct has a nonbonding electron 
pair, the electron pair may facilitate the loss of water or some other small 
molecule. This is typical of oxygen and nitrogen nucleophiles. The subse- 
quent product may be stable or react further. 


N E bcn > 
JC-0 + RH, == RNH-C-OH == RN=CC + но 


B. Reactions of Aldehydes and Ketones 
The cyanohydrin reaction (Sec. 8-2). 


о OH 
2 | 
RC. + НСМ == Ren 
Formation of hemiacetals and hemiketals (Sec. 8-3A). 


о es 
2 3 
REA АН RC-OR 


Formation of acetals and ketals (Sec. 8-3A). 


OR' 
7p H* | 
RC + 2R'OH — RETOR + H,O 


Formation of hydrates (Sec. 8-3B). 
О он 


2 е 
RE HO ОН кс он 


x | 
Formation of thioacetals and thioketals (Sec. 8-3C). 
о SR' 


кс + 2R’SH Н E + H,O 


Formation of alcohols (reduction) 
a By hydride addition from complex metal hydrides (Sec. 8-4A). 
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b By hydride transfer from carbon (Sec. 8-4C). 
OH 


o 
2 | 
ZRC/ + NaOH —> ВСН, + ЕСОН 


о OH 
4 
RC. + AM[OCH(CH,),], == R pH 


c By addition of organometallic reagents: 
1 Grignard reagents (Sec. 8-5C). 
о OH 
2 | 
RC + RMgX — RC-R 


2 Organolithium reagents (Sec. 8-5D). 
OH 
и | 
RQ + КЫ —> BE 


Formation of imines (Sec. 8-6A). 


ROV + АМН, == RÇ=ÑR + H,O 


Formation of enamines (Sec. 8-6C). 


2 И гы 
RTIG + КОМН === мка + HO 


C. Reactions of Carbonyl Analogs 
a Imines (Sec. 8-7A). 
1 Hydrolysis 


aN, E NS a 

= + H,O == (C=O + —NH, 
2 Reduction 

№ m oe 

)C=N— + NaBH, —> -CH-NH— 


b Nitriles (Sec. 8-7B). 
1 Hydration 


о 
Í 
RC=N: + HO — RÊ 
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2 Reduction 
ВСЕМ: + LiAIH, —> RCH,NH, 
3 Grignard addition 


I 
ВСЕМ: + R'MgX —> RC—R' 


8-9 Supplementary Problems 
8-44 Predict the major organic product(s) in each of the following reactions: 


а (CH,),CHCH,C=N + C,H,MgBr ior 
3 


b p-CH,CH,CH;NH, + 2HCO,H + 2HCHO —> 


1) EO 
M ES 
с CHCH COCH, + CH;CH,MgBr 2) NH,CI/H,O* 


1) THE 
d CH,CH,COCH,CH, + NaBH, roc 


e C,H,CH,COCH,CH,C,H, + HOCH,CH,OH -P-Teluenesslfonie acid , 


f C,H,CHO + H,NOH 204/90, 


1) ЕО 
в CH,CH,OH + CHCH,MgCI S> 
в C,H,CH,COCH, + HSCH,CH,CH,SH -P-T9lsenesulfonic acid, 


Q 


А 1) Et,0 
i (у + (CH3),CHMgBr "JNH UH". 


j СН.СНО + Na*HSO; —> 


1A 
k em ў-сю + NaOH ср 


CH; 
^ 1) Et,O 
1 СН;СОС,Н; + LiAIH, PEIN 
1) EO 
m C4H4CO;H + СН.МЯ DBO? 


Cr,0, 
n C,H,CH,CH,CH(OH)CH, PE 

845 The reduction of 4-methylcyclohexanone with aluminum isopropoxide and isopropyl 
alcohol in which the isopropyl group is labeled with deuterium gives the stereoselec- 
tive reaction indicated below: 
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8-47 


8-49 


8-50 


8-51 


H “он н р 
68% 32% 


а Is this result consistent with the reaction mechanism proposed for the Meerwein- 
Pondorf-Verley reduction (Prob. 8-30)? 
b Account for the predominance of the trans isomer. 


Explain the experimental observation that the reaction between acetaldehyde and op- 
tically active 2-octanol forms an optically active acetal which when hydrolyzed with 
dilute acid regenerates 2-octanol with optical rotation unchanged from the original 
alcohol. 


Propose a mechanism for the acid-catalyzed reaction between triethoxymethane (ethyl 
orthoformate) and benzaldehyde. 


о 

VA 

(унео + HC(OGH,), Нь (joc * HC 
OCH, 


Indicate the major organic product(s) formed when 2-methyl-3-phenylpropenal (а- 
methylcinnamaldehyde) reacts with each of the following reagents: 
a NaBH; 

b KOH/A 

c C;HSOH/H* 

d LiAIH, 

e CH3Mgl 

f HSCH;CH;SH/BF; 

g Phenylhydrazine 

h Aluminum triisopropoxide/isopropyl alcohol 

i Ethyl orthoformate/H * 


The Strecker synthesis is a method for preparing amino acids from aldehydes using 
ammonia and hydrogen cyanide. 
CN COH 
C,H,CHO + NH, + НСМ —> C,HCHNH, ©“, C,H,CHNH, 
Propose a mechanism for formation of the first product, an a-aminonitrile. 


Account for the fact that the hydrate of each of the following compounds can be 
isolated. О 
а Cyclopropanone 


с eno adds to the 


b Hexafluoroacetone idle carbonyl group) 


Ó 


In order to avoid use of the very toxic HCN to prepare a cyanohydrin, the bisulfite 
addition product of the carbonyl compound can be formed and then converted to the 
cyanohydrin by using sodium cyanide. 


OH 


H 
№ | 
C=O + NaHSO; == ¢ 5ОМа+ EN, 


T 
GCN + №50, 


8-52 


8-53 


8-54 


8-55 


8-56 


8-57 


8-58 
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a Provide a mechanism for this reaction. 
b What does this result tell you about relative stabilities of cyanohydrins and bisulfite 
addition products? 


In the presence of water, formaldehyde may form a high-molecular-weight solid poly- 
mer known as paraformaldehyde. When heated, paraformaldehyde decomposes by 
the reverse reaction and therefore is a useful source of gaseous formaldehyde. 


nHCHO + H,O == HOCH,(OCH)), ,OCH,OH 


Paraformaldehyde 
Suggest a mechanism for the formation of paraformaldehyde. 


The reduction of (S)-3-phenyl-2-pentanone by lithium aluminum hydride produces 
(2R),(35)-3-phenyl-2-pentanol as the major product. Use a Newman projection for- 
mula to account for formation of this stereoisomer as the major product. 


Explain the observation that 2,2-dimethoxypropane is as an excellent dehydrating 
agent. 


Provide a mechanism for the conversion of N-methylbenzylamine to N,N-dimethyl- 
benzylamine using formic acid and formaldehyde (the Eschweiler-Clarke procedure, 
Sec. 8-7A). 


It has been suggested that the source of hydride in the Cannizzaro reaction might be a 
dianion. 


d 


a How could this dianion arise in the Cannizzaro reaction? 
b Why might it be a better hydride source than the monoanion? 


a-Ketoglutaric acid is converted to glutamic acid in the presence of ammonium ion 
(МНҰ) and NADH (dihydronicotinamide adenine dinucleotide, Sec. 8-4С). This is a 
biological reductive amination reaction. Suggest a mechanism for the reaction. 


NH, 
| 
HO,CCH,CH,CCO,H Ан, HO,CCH,CH,CHCO,H 
a-Ketoglutaric acid Glutamic acid 


Show how each of the following compounds could be prepared by starting with a 
carbonyl compound: 


а) SE» a 


| d 3-Pentanol 
b CHIC READ e 2-Methyl-2-hydroxybutanenitrile 
CH; 
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8-59 Suggest a mechanism for the following reaction: 


OHCCH=CHCHO + 2CH,OH +, теи 


*8-60 Тһе compound whose IR, 'H-NMR, and C-NMR spectra are reproduced below (Fig. 
8-8) was prepared from a reaction of phenylmagnesium bromide. Elemental analysis 
showed the presence of only C, H, and O, and combustion analysis gave the following 
C and H composition: C = 79.37%; H = 8.88%. Identify the compound and write the 
chemical equation for its preparation. 
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FIGURE 8-8 — 
(Continued) 
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*8-61 The ?C-NMR spectra shown in Fig. 8-9 correspond to 3-heptanone and 4-heptanone. 
Assign one spectrum to each isomer. 
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FIGURE 8-9 
(Continued) 
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9-9 


9-10 


Summary 

A. The Chemistry of the Carboxylic Acid Family B. Reactions of 
Compounds of the Carboxylic Acid Family C. Reactions of 
Sulfonic and Phosphoric Acids 


Supplementary Problems 


The carbonyl compounds, aldehydes and ketones, were the focus of the 
preceding chapter. We saw that much of the chemistry of those compounds 
can be correlated with the electrophilic character of the carbonyl carbon 
atoms. 

Compounds of another class, generally known as the carboxylic acid 
family, also contain carbonyl groups. They differ from aldehydes and ketones 
in that the carbonyl carbon atom is bonded to at least one heteroatom in 
addition to the carbonyl oxygen: usually an oxygen, nitrogen, or halogen 
atom. These important substances are widely distributed in nature. Carbox- 
ylic acids can be obtained through the oxidation of aldehydes and by oxida- 
tive decomposition of most organic materials, esters occur as fruit fragrances, 
and amides as the backbone of protein structure. Two other important mem- 
bers of this group, acyl halides and anhydrides, are not naturally occurring 
compounds. 


[o о о 

2 2 2 
Re касе к-С 

y 3 S 

OH OR' NH, 
А carboxylic acid Anteater Ап ainide 
R dl R а А R 

TENA rape DEUS е ел 

x о 

AnocyLhalide An anhydride 


Again the carbonyl group and its receptivity to attack by nucleophiles is 
the key to the chemistry of compounds in the family. Yet there is an important 
difference between the chemistry of the carbonyl compounds (aldehydes and 
ketones) and that of the members of the carboxylic acid family. Aldehydes 
and ketones undergo nucleophilic additions to the unsaturated carbonyl 
group and produce relatively stable saturated adducts. Nucleophilic additions 
to the carbonyl group of carboxylic acids and their derivatives lead to unstable 
intermediates which react further to regenerate the carbon-oxygen double 
bond. The processes involve nucleophilic substitution on the carbonyl 
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group. We will see that much of the chemistry associated with compounds of 
the carboxylic acid family is the interconversion of one member into another. 


О О 
2 Ж 
Nu:- + — RE о 
L Nu 


Reactivity in the Carboxylic Acid Family 


. Substitution Versus Addition 


In Chap. 8 we learned that nucleophilic addition to the carbonyl carbon 
atom of an aldehyde or ketone may be a reversible process. Formation of the 
product depends on the generation of a stable adduct or subsequent conver- 
sion of the initial adduct to a stable compound. 


:95 О :ОЕ 
7 1 | Е N | 
Nu: + © == Nu—C— c Nu—C— зе t product 
Я S | | or subsequent produci 


A mechanistic picture of the reverse reaction involves the loss of the nucleo- 
phile-electrophile pair from the carbonyl adduct. 
m + 
:ОЕ :ОЕ Hor 
wu # амаа А 
SPART E TNT COM 


We can also conceive of a process resembling the reverse reaction in 
which a group other than the entering nucleophile departs from the original 
carbonyl carbon atom. The consequence of such a sequence is formation of a 
new compound by a process which has retained the carbonyl group. 


Мыл + Vai a ae 

и. === === е 
N 

NUUA ENE ШҮ “м 


The product is the result of nucleophilic substitution on the carbonyl 
group. Put in different words, the nucleophile has been acylated. Acylation is 
О 
Ж 
the process whereby ап acyl group < ) is transferred from one atom 


(or group) to another. It is the major reaction of the carboxylic acid family of 
compounds. 


. The Nature of the Leaving Group 


Nucleophilic substitution on a carbonyl group requires the loss of a 
group other than the entering nucleophile. The leaving group (L) departs 
with the electron pair by which it was originally bonded to the carbonyl 
group. The ease with which the leaving group departs can therefore be re- 
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lated to the basicity of that group (Sec. 4-1). Weak bases (the conjugate bases 
of strong acids) are good leaving groups because they are able to accommo- 
date the electron pair effectively. 

If nucleophilic substitution were to take place with aldehydes or ke- 
tones, the leaving group would be a hydride or a carbanion. Those anions are 
very unstable, since they are the conjugate bases of very weak acids (Table 


42). 
Qo: (n о 
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Nu Lt 0 = RH ых +H 
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Nu 
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А ketone 


By contrast, compounds of the carboxylic acid family have better leaving 
groups. In some cases the leaving group is a relatively stable anion. An exam- 
ple is chloride, the conjugate base of the strong acid НСІ. 


iv cba ee ce M na 
Nu- + КС) = КГ чүс == кс + ::- 
а by Nu 


In other examples protonation enhances the ability of a group to depart. 
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Throughout our studies of organic chemistry we will see that leaving 
groups play a very important role in directing the course of reactions. The 
substitution of one group or atom for another is the pathway for a large 
number of reactions which we will consider in this and subsequent chapters. 
Table 9-1 summarizes the leaving characteristics of some of the leaving groups 
encountered in nucleophilic substitution on carbonyl groups. 
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PROBLEM For each of the following reactions of compounds in the carboxylic acid 
9-1 family: (i) circle the acyl group of reactant and product, (ii) underline 
the atom or group which will become the leaving group, and (iii) draw 

a square around the nucleophile. 


о о 
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осн, OH 
o o 
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b CH,CH,CC + CH,OH — CHCH, C + на 
cl OCH, 
00 o o 


Zonas 2 2 
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VA 
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VA 
| + CH,OH == CHCH, Cl + CH,CH,OH 


OCH,CH, осн, 


С. Leaving Groups and Reactivity 


The reactivity of compounds in the carboxylic acid family toward nucleo- 
philes can be predicted, in part, by the tendency of their leaving groups to 
depart. We find, for instance, that acyl halides and anhydrides are the most 
reactive carboxylic acid derivatives. Amides are the least reactive, and esters 
and carboxylic acids have an intermediate reactivity. The more stable the 
leaving group the more reactive the carboxy derivative. 


TABLE 9-1 Potential Leaving Groups Encountered in Nucleophilic 
Substitution on a Carbonyl Group 


Groups Which Have Not Normally 
Good Been Converted to Reactive as 
Leaving : Good Leaving Groups Leaving 
Groups by Protonation Groups 
Кете H,O (from НО) H:- 
Ў E C 
Ho ROH (from RO—) ieu 
Ê NH; H,N— 
RQ... or {from ог 
e R,NH R,N— 


„.————————————— 
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PROBLEM 


9-2 


Relate the leaving groups of Table 9-1 to the acidity of their conjugate 


acids. 


Another factor which has some bearing on reactivity of these com- 
pounds is the strength of the bond between the leaving group and the car- 
bonyl carbon atom. This bond must break if substitution is to occur. Yet bond 
energies (Sec. 2-8) indicate that a carbon—chlorine single bond is stronger than 
а carbon-nitrogen single bond. Those data would suggest a reactivity oppo- 
site that predicted from leaving-group abilities (Table 9-1). 

However, a closer examination of the functional groups reveals that the 
reactivity expected based on bond energies may actually be consistent with 
the reactivity observed. Resonance interaction between the departing group 
and the carbonyl group can account for the strengthening of the C—L bond 
since in the resonance hybrid this bond will have significant double-bond 
character. 

О О:- 
к-С“ =, Ro" 
L: L5 
Such interaction is more important for the nitrogen atom of an amide than for 
a halogen atom of an acyl halide. The carbon-nitrogen bond in an amide is 
actually stronger than would have been predicted from the strengths of C—N 
bonds in saturated molecules. 

In subsequent sections of this chapter we will explore the preparation 
and characteristic reactions of compounds in the carboxylic acid family. We 
will see that there is considerable similarity to the chemistry of aldehydes and 
ketones. The differences can be attributed to the presence of potential leaving 
groups which lead to substitution rather than addition. 


Oxygen or Sulfur as the Nucleophile—Esters 
and Carboxylic Acids 


Some of the earliest investigations into the nature of chemical equilibria 
involved experiments with the interconversions of esters and carboxylic 
acids. These reactions, proceeding in opposite directions, are nucleophilic 
substitutions on carbonyl groups by oxygen nucleophiles. 

Esterification of a carboxylic acid involves substitution by an alkoxy 
group for hydroxy. The ester converts back to carboxylic acid through substi- 
tution by a hydroxy group for the alkoxy in a reaction known as hydrolysis. 


о 
2 2 
К-С + КОН — Re + H,O 
OH OR’ 


A carboxylic acid An ester 
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А. Substitution by Alcohols 


PROBLEM 


9-3 


Reaction of a carboxylic acid with an alcohol in the presence of an acid 
catalyst is one of the standard methods for preparing an ester. The reversible 
reaction, known as the Fischer esterification, is a simple route to esters from 
readily available starting materials. 


H* 
CH,CO,H + C,H,OH =— CH,CO,C,H, + H,O 
Acetic acid Ethanol Ethyl acetate 
(Ethanoic acid) (Ethyl ethanoate) 


Equilibrium constants for esterification are often relatively small. For 
example, the reaction of acetic acid and ethanol has an equilibrium constant of 
about 4. 


— [EH;CO;C;H;]IH;O] 
[CH;CO;H]IC;H;OH] 


If the reaction is to be synthetically useful, some technique must be employed 
to shift the position of equilibrium so as to increase the quantity of ester 
formed. Two approaches are common. In one, the water, or ester, is removed 
as the reaction proceeds. In the other, an excess of one reactant is used. 

The commercial preparation of ethyl acetate from acetic acid and ethanol 
involves distilling the low-boiling-point ester (bp 77°С) from the reaction as it 
is formed. The distillate is actually a ternary azeotrope (a mixture of liquids 
with a constant boiling point) boiling at 70°С and consisting of 83% ethyl 
acetate, 8% ethanol, and 9% water. The latter two components are readily 
removed by an extraction process, and then the ethanol is recycled for further 


esterification. 


K 


=4 


a If the Fischer esterification is carried out using 1 mol each of acetic 
acid and ethanol, what will be the concentration of ethyl acetate at 


equilibrium? 


b What will be the ethyl acetate concentration at equilibrium if 10 
moles of ethanol are used with 1 mol of acetic acid? 


A wide variety of esters can be formed by the Fischer method. Sulfuric, 
hydrochloric, and p-toluenesulfonic acids are common catalysts. 


BrCH,CO,H + C,H,OH 28%, BrCH,CO,C,H; +H,0 


Bromoacetic acid Ethanol Ethyl bromoacetate 


(Bromoethanoic acid) (10 moles excess) (Ethyl bromoethanoate) 
70% 


HO,CCO,H + 2CH,OH 28%, H,CO,CCO,CH, + 29,0 
Ethanedioic acid Methanol Dimethyl ethanedioate 


(Oxalic acid) (20 moles excess) (Dimethyl oxalate) 
76% 
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] SO,H | 
CH,CCO;H + CHOH  £EGHS9U, сн Cco CH. + н.о 
2-Oxopropanoic acid Methanol Methyl 
(Pyruvic acid) (4 moles excess) Z-eixopropanoate 
(Methyl pyruvate) 


71% 


When the carboxylic acid and hydroxy groups are present in the same 
molecule, a cyclic ester known as a lactone may form. Lactonization occurs 
readily with 4- and 5-hydroxy (y- and ó-hydroxy) substituted acids which 
form unstrained five- and six-member rings (Sec. 6-3). 


HOCH,CH,CH,CO,H +, феса 


4-Hydroxybutanoic 2-Oxacyclopentanone 
acid (y-Butyrolactone) 
(y-Hydroxybutyric acid) 


Esterification and the reverse reaction, ester hydrolysis (Sec. 9-2B), have 
been extensively studied in order to elucidate the mechanism of this reversi- 
ble process. One experiment that was important in the development of a 
mechanistic description for the reaction utilized isotopically labeled alcohol to 
demonstrate that the alcohol oxygen atom actually becomes bonded to the 
carboxy carbon atom. An alternate possibility is that the carboxy oxygen atom 
becomes bonded to the alcohol carbon atom. 

In the experiment, benzoic acid was treated with O-labeled methanol. 
Acid was present as a catalyst. The methyl benzoate which was produced 
contained Ње '5O label, and the water contained only unlabeled oxygen 
atoms. 


О o 
2 2 
CH + сну%он Hs сне + н.о 
OH осн, 
Benzoic acid Methanol-!50O Methyl benzoate-!*O 


Another series of experiments, using the same alcohol, established that 
the rate of esterification decreases as crowding increases near the carboxy 
group of the carboxylic acid reactant. 


3 


CH,CO;H > (CH;CH,),CHCO,H > Sr 
COH 
3 


These data, along with the experimental observation that acid catalyzes 
ester formation, are consistent with nucleophilic addition of the alcohol to the 
protonated carboxy group. A tetrahedral adduct is formed. We developed a 
similar mechanism for the addition of oxygen nucleophiles to aldehydes and 
ketones (Sec. 8-3A). In the case of esterification the tetrahedral adduct cannot 
be isolated, and it leads, by loss of water, to the product. 
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The esterification mechanism shown above includes two tetrahedral in- 
termediates. In one (A) the alkoxy oxygen atom is protonated and the other 
(B) has one of the hydroxy oxygen atoms protonated. In (A) alcohol is the 
better leaving group and the reaction reverts to starting materials. In (B) water 
is the better leaving group so that the reaction proceeds to products. The two 
intermediates interconvert by a rapid proton transfer between oxygen atoms 
and solvent. Such rapid proton transfers (they are acid-base reactions) play an 
important role in organic reactions. The partitioning of these closely related 
intermediates accounts for the reversibility of the esterification reaction. 


PROBLEM Propose a step-by-step mechanism for the acid-catalyzed esterification 
9-4 of acetic acid with '*O-labeled methanol consistent with the observa- 
tion that the alcohol oxygen becomes bonded to the carboxy carbon 


atom. 


PROBLEM Compare the tetrahedral adducts in ester and hemiacetal formation. 
9-5 Why does one reaction proceed by addition and the other by substitu- 


tion? 


PROBLEM a Use hybrid-orbital considerations to explain the observation that the 
9-6 oxygen atom of an alcohol is more basic than the carbonyl oxygen 


atom in an aldehyde or ketone. 


b Explain the fact that the carbonyl oxygen atom of an ester is more 
basic than the alkoxy oxygen of an ester. 
+ 


о о 


vA 
2a Rc +н+ = к-С, 

OR’ 
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Formation of an ester from a carboxylic acid and an alcohol may be 
experimentally inconvenient since isolation of the desired product from the 
equilibrated reaction mixture can require complicated purification proce- 
dures. It is often desirable to convert the carboxylic acid to a more reactive 
acyl halide or anhydride so that reaction with an alcohol is an essentially 
irreversible process. 

The requisite acyl chloride can be prepared in advance from thionyl 
chloride and the carboxylic acid (Sec. 9-4A) and then utilized for ester forma- 
tion as needed. Another common approach is to treat the carboxylic acid with 
thionyl chloride and then add the alcohol without isolating the initially 
formed acyl chloride. A base, usually a tertiary amine, is generally employed 
to take up the НС! which is generated in the ester-forming substitution reac- 
tion. 


(CHj,CCO;H + SOCI,  — 5 (снуссоа SH", 


2,2-Dimethylpropanoic ^ Thionyl chloride 2,2-Dimethylpropanoyl [СТА 
, acid _ chloride \ A 
(Pivalic acid) (Pivaloyl chloride) 


(CH3,CCO,C,H; + дн cl- 


Ethyl 2,2-dimethylpropanoate 
(Ethyl pivalate) 
80% 


CH,COC| + (CH,),COH SENCH), Cu сосен, 
Ethanoyl chloride 2-Methyl-2-propanol 1,1-Dimethylethyl eth; 
(Acetyl chloride) (tert-Butyl alcohol) frenis ее 

68% 


Сен:СН=СНСО,н + сеньон 509, C H CH=CHCO,C,H, 


3-Phenylpropenoic acid Phenol Phenyl 3-phenylpropenoate 
(Cinnamic acid) (Phenyl cinnamate) 
75% 


Anhydrides (Sec 9-4B), though less reactive than acyl chlorides, are 
often suitable precursors for the preparation of esters. One portion of the 
molecule acylates the alcohol, and the other half of the anhydride is recovered 
as a carboxylic acid. When the anhydride is part of a cyclic structure, reaction 
with 1 mol of alcohol opens the ring and forms a half-acid—half-ester. 


РА 
(CH;CO),O + (CHj.COH ©, сн,со,с(сн), + CH,CO,H 


Acetic anhydride араз tert-Butyl acetate Acetic acid 
(tert-Buty! alcohol) 60% 
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О | + CH,OH — HO,CCH,CH,CO,CH, 


о 
Succinic anhydride Methanol Methyl hydrogen succinate* 
(Monomethyl succinate) 
96% 


PROBLEM Provide a structural formula and name for the major organic product in 
9-7 each of the following reactions. 


а CH,CH,CH,CO,H + C,H,OH #5 


( А 
b C,H,CO,H + SOCI, — 
о 


+ C,H,OH —> 
fo) 
а CH,COCI + (CH,), CHOH —> 
e C,H,COz Na* + C,H,COCI —> 


СУ 


£ C,H,COCI + СНОН ——— 


PROBLEM Propose a mechanism for each of the following methods for the prepa- 
9-8 ration of propyl acetate. 


H* 
CH,CH,CH,OH + CH,CO;H 


CH,CH,CH,OH + CH,COCI CH,CO,CH,CH,CH, 


CH,CH,CH,OH + (СН,СО),О 


* The word "hydrogen" іп the name indicates that опе of the carboxy groups remains in the 
product. 


276 Nucleophilic Substitutions on the Carbonyl Group— The Carboxylic Acid Family 


Equilibration of an alcohol with an ester containing a different alkoxy 
group is a method for converting one ester to another. The process, known as 
transesterification, is normally catalyzed by an acid. 


-CH,C,H,50,H 
CH,=CHCO,CH, + CH,CH,CH,CH,OH === st. 


Methyl propenoate 1-Butanol 
(Methyl acrylate) 
CH,=CHCO,C,Hy-n + CH,OH 
Butyl propenoate Methanol 
(Butyl acrylate) 


PROBLEM The equilibrium constants for transesterification are usually near 
9-9 unity. What are two experimental techniques that might be used to 


ensure a high yield of butyl propenoate from methyl propenoate and 
1-butanol? 


B. Substitution by Water 


All carboxylic acid derivatives are hydrolyzed (cleaved by water) to pro- 
duce carboxylic acids. Low-molecular-weight acyl halides and anhydrides 
react violently, so they must be stored and utilized under anhydrous condi- 
tions. The reaction is seldom used synthetically, since acyl halides and anhy- 
drides are almost always prepared from the carboxylic acids (Sec. 9-4). 


fe 
VA 
CHC + H,O — CH,CO,H + на 
а 
Acetyl chloride Acetic acid 

p 

+ H,O —> HO,C(CH,),CO,H 
е) 

Pentanedioic Pentanedioic acid 

anhydride 


(Glutaric acid) 
(Glutaric anhydride) 


Although many higher-molecular-weight acyl halides and anhydrides 
seem relatively stable toward water, they are in fact also quite reactive. Their 
deceptively low reactivity is due to their low solubility in water. Reaction can 
occur only at the interface between the two immiscible reactants. 

Esters and amides react slowly with water. An acid or base must almost 
always be added in order to attain suitable rates of reaction. 
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m-NO,C,H,CO,CH, + H,O > NOUS m-NO,C;H,CO,H + CHOH 


Methyl m-nitrobenzoate m-Nitrobenzoic acid 
96% 


NH +но НЯ, H,NCH,),CO,H 


2-Azacycloheptanone 6-Aminohexanoic acid 
(€-Caprolactam) (6-Aminocaproic acid) 


Ester hydrolysis is the reverse of the formation of an ester from an alco- 
hol and an acid. Thermodynamics require that the sequence of steps involved 
in the forward reaction must be the same (in reverse order) as the sequence of 
steps in the reverse reaction when reaction conditions are identical. This rule 
is often called the principle of microscopic reversibility. 

Numerous studies of ester hydrolysis have provided information rela- 
tive to the mechanism of esterification. We proposed (Sec. 9-2A) that a 
tetracoordinate intermediate is involved in the esterification sequence. Yet 
this intermediate cannot be isolated and identified. Might the reaction involve 
a tetracoordinate transition state rather than an intermediate? 


Possible transition state 
for esterification 


A hydrolysis experiment using labeled oxygen atoms provided support 
for the intermediate. The reactant was ethyl benzoate labeled with !8О in the 
carbonyl group. As hydrolysis proceeded, samples were removed and chemi- 
cally unchanged ester was isolated. It was found that the unlabeled oxygen 
atoms from the water were being incorporated into the ester. The only rea- 
sonable way that could occur is through an intermediate which reverts to 
ester faster than it is converted to the carboxylic acid. 


180H 
180 О 
2 | -н,0* 2 
сн HS сон == GHI 
осн, бен, OGH, 
Ethyl benzoate-!5O Intermediate Ethyl benzoate 
| ~C,H,OH 
Benzoic acid 
180 О 
4 Ё 
Сс ШЕ е, 
OH OH 


Benzoic acid 
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PROBLEM Propose a mechanistic scheme to show how exchange of water with 
9-10 *80-labeled ethyl benzoate is consistent with a tetracoordinate interme- 
diate in ester hydrolysis (and esterification). 


The rates of hydrolysis of esters are increased by acid or base, but there 
is an important difference. Acid is a catalyst (i.e., it is regenerated), whereas 
base is a reactant (1 mol of base is consumed per mol of ester hydrolyzed). 
Furthermore, acid-catalyzed hydrolysis is an equilibrium reaction with an 
equilibrium constant near unity. In contrast, base-promoted hydrolysis is es- 
sentially irreversible because formation of the carboxylate anion is energeti- 
cally quite favorable. 


RCO,R’ + H,O == RCO,H + ВОН 


RCO,R’ + HO- 9, RCO; + кон 


PROBLEM a Propose a mechanism for the hydrolysis of ethyl benzoate in aqueous 
9-11 sodium hydroxide. 


b Why is esterification of a carboxylic acid in aqueous base (the reverse 
of the base-promoted hydrolysis of an ester) not a favorable reaction? 


Hydrolysis of amides is mechanistically very similar to the hydrolysis of 
esters, though it is generally slower. Reactions are carried out in basic or 
acidic media. 


NO, 


о 
| 
ео Sand + кон HOMON, 


4-Methoxy-2-nitroacetanilide 


NO, 
cio Sn, + CH,CO;K+ 
она Potassium acetate 
HO,C(CH,);CONH, + H,O “©, HO,C(CH),CO;H + NH,CI 
Pentanediamide Pentanedioic acid 
(Glutardiamide) (Glutaric acid) 


84% 


Amide hydrolysis has limited synthetic application as а method for pro- 
ducing carboxylic acids. In the laboratory, amides are normally prepared from 
carboxylic acids or their derivatives (Sec. 9-3), so there is little advantage in 
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PROBLEM 
9-12 


converting amides back to carboxylic acids. We will, however, encounter 
some rather sophisticated degradative techniques for hydrolysis of the amide 
bonds of peptides and proteins (Chap. 22). 

One synthetically important application of amide hydrolysis occurs dur- 
ing the conversion of nitriles to carboxylic acids. Nitriles are readily prepared 
from substances other than compounds of the carboxylic acid family (Secs. 
8-2, 12-6A). The addition of water to a nitrile produces an amide (Sec. 8-7B) 
which is subsequently hydrolyzed to a carboxylic acid. The conversion under 
acidic or basic conditions is usually carried out at elevated temperatures with- 
out isolating the amide. 


CH; 
ӨШ СН,ССН,СМ 210 ROBA O/HOCTGEHOH y носшсшон 


CH,CH, 
3-Benzyl-3-methylpentanenitrile 


CH, сн, CH, 
C,H,CH,CCH,CONH, —> CeH,CH,CCH,CO;Na* B, CiH,CH,PCH,CO;H 
CH,CH, CH,CH, CH,CH, 
Not isolated нау па пуреныпоје acid 
93 


(ле + 2H,0 8%, d n 


CH, CH; 
2-Methylbenzonitrile 2-Methylbenzoic acid 
89% 


Suggest а mechanism for the hydrolysis of benzamide in 


a Aqueous acid 


b Aqueous base 


C. Soaps and Detergents 


The basic hydrolysis of esters is known as saponification. The name 
originated from the ancient method for producing soap. Animal fats, which 
are triesters of the alcohol glycerol (triglycerides, Sec. 23-1), were hydrolyzed 
by heating in an aqueous base. Potash (potassium carbonate) extracted from 
wood ashes was usually the base employed. Modern saponification utilizes 
aqueous sodium hydroxide (caustic soda or lye) for the hydrolysis of fats. 
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RCO,CH, сн он 

RCO,CH + 3NaOH “2°, 3RCO;Na* + CH-OH 

RCO,CH, CH,—OH 

A triglyceride A soap 1,2,3-Propanetriol 
(Glycerol) 


A soap is the sodium or potassium salt of a long-chain carboxylic acid 
(К = С:з-Сьэ). The carboxylic acids derived from natural fats are known as 
fatty acids. An economically important industry is based on the recovery of 
animal fat from meat processing and subsequent conversion of the fat to soap 
or chemical raw materials. 


CH,(CH,);CH=CH(CH,);,CO;Nat © CH,(CH,),;CH=CH(CH,),CO,H 


Sodium 9-octadecenoate 9-Octadecenoic acid 
(Sodium oleate) (Oleic acid) 
A soap A fatty acid 
CH4(CH;),,COzK* HH. CH,(CH,),,CO,H 
Potassium hexadecanoate Hexadecanoic acid 
(Potassium palmitate) (Palmitic acid) 
A soap A fatty acid 


Soaps owe their properties to the combination of a polar carboxylate 
group and nonpolar hydrocarbon chain within the same molecule. In an 
aqueous medium large numbers of soap molecules congregate in a spherical 
structure known as a micelle. The polar carboxylate ends of the molecules are 
at the outside edge of the micelle because of their attraction for water (hydro- 
philic). The nonpolar hydrocarbon ends of the molecules assemble together at 
the center of the micelle so as to minimize any contact with water (hydropho- 
bic). 


9 9 
Q 
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А “soap solution" is actually the suspension of soap micelles in water. 
Soap cleanses by attracting nonpolar molecules (greases, etc.) to the nonpolar 
center of the micelle. The outer, polar part of the micelle is attracted to the 
water as the “solubilized” grease is washed away. 

Soaps are classified as surfactants; that is, they are surface-active agents. 
Soaps lower the surface tension of water. The lowered surface tension enables 
a soap solution to penetrate the weave of a fabric, which thereby enhances the 
soap's cleansing ability. 

Many types of synthetic detergents are now available for laundering and 
other surfactant applications. The most common types are salts of sulfonic 
acids (Sec. 9-7). These materials are classified as anionic detergents because 
the polar end of the molecule is an alkylsulfonate anion. 


CH4(CH;,C,H,SOsNa* 


Sodium p-decylbenzenesulfonate 
An anionic detergent 


Detergents are better than soaps for use in water containing significant 
concentrations of calcium and magnesium ions ("hard water”). Long-chain 
carboxylic acids form relatively insoluble calcium and magnesium salts which 
separate from the aqueous phase as an ineffective "soap scum." Related sul- 
fonic acid salts remain soluble and retain their surfactant properties. 

Most synthetic detergents possess straight-chain rather than branched- 
chain alkyl groups. The straight chains are more readily degraded by natural 
processes. Such biodegradability is essential to prevent waste water systems 
from depositing high concentrations of "soap" into rivers and lakes. 

Two other types of synthetic detergents are used for more specialized 
surfactant applications. Cationic detergents are based upon quaternary am- 
monium salt structures and are widely used in fabric softeners. Polyalcohols 
(polyols) and polyethers find applications as neutral detergents. 


H,OH o 
N HO 
(n-C,4 H3) N(CH3);CI- Ho О. 


© 
OH (СН,) СН; 


Dodecyl f-glucoside 


N,N-Dimethyl-N,N-dioctadecylammonium chloride 
A A neutral detergent 


cationic detergent 


Dishwasher detergents and other strong, cleaning agents often contain a 


strong base such as sodium hydroxide or trisodium phosphate. How 
might these additives enhance the cleaning ability of the detergent? 


D. Substitution by Thiols 


ound which contains a sulfur atom is normally a good nucleo- 
). Thio acids, the sulfur derivatives of carboxylic acids, can be 
nucleophilic substitution by hydrogen sulfide on acid de- 


А сотр 
phile (Sec. 10-3B 
prepared through 
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rivatives. Thioesters, the sulfur analogs of esters, are synthesized from thiols 
(mercaptans) and reactive acylating agents derived from acids. 


о 
(H,CO,0 +н5 — CHÍ +снкон 
Acetic anhydride Thioacetic acid 
76% 

N о 

снкоа + ciu А, сн 
“SCH, 

Acetyl chloride Methanethiol Methy! thioacetate 


(Methyl mercaptan) 


Thioesters are generally more reactive than esters toward nucleophilic 
substitution. The reactivity is attributed to the better leaving-group character- 
istics of thiide (mercaptide) than of alkoxide. 

The facile cleavage of the acyl-sulfur bond provides a basis for some 
important biological transformations. Coenzyme A (CoASH) is a complex 
molecule which terminates in a thiol group. 


NH, 

N S 

НЙ quiet es ex 
HSCH,NH— CCH,CHNH—— CHOH— CH, OPOPOCH О N x? 


CH, OO 
HH 


H 
РОН, 
Coenzyme А 

Coenzyme А is often found in biological systems as а thioester. Опе of 
the functions of the thioesters of the coenzyme is to act as an acylating agent. 
For example, acetylcoenzyme A (AcSCoA) can transfer an acetyl group to a 
phosphate ion (often called "inorganic phosphate"). This particular reaction 
is controlled by the enzyme phosphotransferase. It occurs in certain bacteria 
as one of the steps in the formation of adenosine triphosphate (ATP). 


о 
О и 
О CH4C 
Ё E 3 
cH. ен ewe, NO F—OH + HSCoA 
SCoA OH OH 
Acetyl coenzyme A Inorganic phosphate Acetyl phosphate Coenzyme A 


PROBLEM Complete each of the following equations. 


e 1) NaOH/A 
9-14 а GH,CONH, + H,O ох 


b Methyl 2,2-dimethylpropanoate 
+ 2-methyl-1-propanol (excess) Р-СЊС, 


H,SO,H 
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c (. )-cocen, + H0 DES 


о 


О + H,O (excess) ОН. 


о 


e Benzoyl chloride + Н,О mE, 


f CH, + ethanol —5 


9-3 Nitrogen as the Nucleophile—Amides 


Most of the nucleophilic nitrogen compounds that we will encounter in 
organic chemistry are amines. Primary and secondary amines, as well as 
ammonia, can react with carboxylic acid derivatives to produce amides. 


о о 
MOSS 2 
R Om ONE с ан 
N 7 Now 
L N— 


| 


The most common methods for preparing amides are the reaction of an 
acyl halide with ammonia or an amine and the interchange between an ester 
and an amine. The former procedure requires an extra mole of amine or some 
other base to take up the acid that is produced. 

(CHj,CHCO,H + SOCI, —> (CHj,CHCOCI NEGARON) 


2-Methylpropanoic Thionyl chloride 2-Methylpropanoyl chloride 
acid 


4 
(CH,),CHCONH, + NH4CI- 
2-Methylpropanamide 

83% 


(«on + 2(CH,),NH S, {У сомено, + ene 
N, 


Cyclohexanecarbonyl Dimethylamine г N- 
chloride (N-Methylmethanamine) Disuethyleyclobecanecarbaxaniite 


CICH,CO,C,H, + NH, 22> CICH,CONH, + C,H,OH 
Ethyl chloroacetate а 
84° 
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PROBLEM Why are amide yields low when equimolar quantities of amine and 


9-15 


PROBLEM 


9-16 


acyl chloride react? 


Amines are bases as well as nucleophiles and therefore they readily react 
with the parent carboxylic acids in acid-base reactions which lead to ammo- 
nium salts. Salt formation is a rapid, exothermic process, and the ammonium 
salts which are obtained are commonly stable solids with high melting points. 


CH,CO;H + NH, > CH,COsNHj{ 


Acetic acid Ammonia Ammonium acetate 
+ 
C4H,CH,CO;H + CH,NH, —— C,H,CH,CO;NH,CH, 
Phenylacetic Methylamine Methylammonium 
acid (Methanamine) phenylacetate 


Removal of water from an ammonium salt will produce the correspond- 
ing amide. However a high temperature is usually required to dehydrate the 
salt. This type of thermally promoted amide formation is used commercially 
for the preparation of the polyamide nylon (Sec. 25-2). 


ж С: 
CH,CO;NH, TAG? CH,CONH, 
Ammonium acetate z Acetamide 
(mp 114°С) 90% 
+ 1 
C,H,CO; NH,C;H, не C,H,CONHC,H, 
Anilinium benzoate 3 N-Phenylbenzamide 
(Benzanilide) 
8496 


1nHO;C(CH,),CO;H + "nHjN(CH)JNH, —> 
Hexanedioic acid 1,6-Hexanediarhine 
(Adipic acid) (Hexamethylenediamine) 


n-O,C(CH,),COsH,N(CH,),NH, ure, 
pue 


1 [| [| 
HO;C(CH)),C— | -NH(CH) NHC(CH,),C—| —NH(CH;) NH; 
Nylon 66 T 


The ammonium salt of a carboxylic acid can be converted to the corre- 
sponding amide by heating the salt to 150-200°C. 


a How is it possible that the ammonium ion, a nonnucleophilic spe- 
cies, can function as the reagent which ultimately adds an amino 
group to the carbonyl carbon atom? 


b Suggest a mechanism for the conversion of ammonium propanoate to 
propanamide. 
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Lactams are cyclic amides, usually with five- and six-membered rings, 
that form from suitable compounds possessing an amino and a carboxylate 
group. We again have examples of favorable intramolecular reactions (Sec. 
8-3A) leading to unstrained rings. 


D» 
A 
CH,CHCH,CH,CO,H 22» BESS 


H 
4-Aminopentanoic acid 3-Methyl-2-azacyclopentanone 
(4-Methylbutyrolactam) 
= 100% 

An excellent method for preparing amides from amines and carboxylic 
acids utilizes N,N'-dicyclohexylcarbodiimide (DCC) as an activating reagent. 
Yields are usually high and conditions sufficiently mild to allow use of this 
expensive reagent for many complex peptide syntheses (Sec. 22-2D). 


CH,CO;H + С;Н;СН,СН,МН, + CsH,,N=C=NC,H,, a 
Acetic acid 2-Phenylethylamine N,N'-Dicyclohexylcarbodiimide 
(DCC) [9] 


| 
CH,CONHCH,CH,C,H, + CsH,,NHCNHC,H,, 


орн рде N,N'-Dicyclohexylurea 
9 (ө) 

CH 1 S. CH. 

C,H,OCH,CNHCH T З DCC 3 

вНзОСН» | cn CH, — => C,H,OCH,CNH CH, 
сон НМ н М 

2 [o] CO,H 
Penicillin V 


Conversion of the carbodiimide (—N=C=N—) to а шеа 


сын мн) during the sequence is а hydration reaction. But РСС is 
doing more than functioning as a dehydrating agent in formation of the 
amide. The carboxylic acid adds to the diimide carbon atom (an imine analog; 
Sec. 8-6A) to produce an unstable intermediate. This intermediate is an acti- 
vated carboxylic acid derivative which is reactive toward nucleophilic substi- 


tution. 
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Qo spas pick os 


R'NH, + ЕС 


а "^ visit 


9-4 AcylHalides and Anhydrides 


Acyl halides (often called acid halides) and anhydrides are the most 
reactive of the carboxylic acid derivatives. That is not surprising, since halide 
and carboxylate both are relatively stable anions, and thus are good leaving 
groups. A catalyst is not usually required for their nucleophilic substitution 


reactions. 
О О 
VA VA 
RC +№:-—> RC + :Х:- 
X: Nu 
QUO [ө] о 
2 N 2 2 
КС. СЕ + №: ЕС КС. 
o Nu O:- 


Acyl halides are normally more reactive than anhydrides. We can attri- 
bute that, in part, to the leaving group. Departure of a halide ion, the conju- 
gate base of a very strong acid (pK, < 1), is expected to be more favorable than 
loss of a carboxylate anion (pK, of a carboxylic acid = 5). 

Acyl halides and anhydrides are seldom end products of syntheses. 
Their utility is as reactive intermediate reagents within a synthetic sequence. 


А. Preparation of Acyl Halides 


Acyl chlorides are the only acyl halides generally used. The bromides 
and iodides are more difficult to handle and more expensive to prepare, and 
they offer little synthetic advantage over chlorides. 


PROBLEM 
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. Acyl chlorides are normally prepared from carboxylic acids through sub- 
stitution of chloride for the hydroxy group. Thiony] chloride or the phospho- 
tus halides PCl, or PCl; are the reagents usually employed for the reaction. 


^ /° 
есес + SOCI, — е сее + SO, + HCI 
ОН cl 
Acetic acid Thionyl chloride Acetyl chloride 
(Ethanoic acid) (Ethanoyl chloride) 
=100% 
a /° 
CH,CH,CH;C. + SOCI, —> CH,CH,CH,C. + SO, + HCl 
д < 
ОН cl 
Butanoic acid Butanoyl chloride 
(Butyric acid) 85% 


p-NO,CsH,CO,H + РС —— p-NO,C,H,COC] + РОС, + HCl 


p-Nitrobenzoic acid Phosphorus p-Nitrobenzoyl chloride 
pentachloride 96% 


Each reagent first converts the hydroxy group of the carboxylic acid into 
a derivative which can be considered as a mixed organic-inorganic anhydride 
(Sec. 9-4B). The original hydroxy oxygen atom is incorporated into a good 
leaving group. Nucleophilic addition of chloride and departure of the good 
leaving group follows an addition-elimination sequence typical of com- 
pounds in the carboxylic acid family. 


о о о 
2 EON 
RHQ + soch в < scl + HCI 
OH 
eo: О, Qo о о 
enn а и ла 
ЗЕКИ а я, За 
о di (а а 


Thionyl chloride, though less reactive than the phosphorus halides, is 
the simplest reagent to use. It is a liquid (bp 75°С), and so it functions as both 
solvent and reagent in the preparation of acyl chlorides. The carboxylic acid is 
usually added to thionyl chloride; the gaseous products (SO, and HCl) are 
allowed to evolve; then excess reagent is removed by distillation. 


Butanoy] bromide can be prepared from butanoic acid and phosphorus 


tribromide. Propose a mechanism for the reaction. 
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PROBLEM A synthetically useful method for the preparation of some acid chlo- 
9-18 rides is an exchange reaction. Thus acetyl chloride (bp 51°C) can be 
prepared by mixing acetic acid (bp 118°C) and benzoyl chloride (bp 

198°C). The benzoyl chloride is converted to benzoic acid (bp 250°C) in 


the process. What experimental technique can be used to favor recovery 
of the desired product in this example? 


CH;CO,H + C,H;COC] === CH;COCI + C;H;CO,H 
(bp 118°С) (bp 198°C) (bp 51°C) (bp 250°C) 


B. Preparation of Acid Anhydrides 


Anhydrides of carboxylic acids are commonly prepared through reaction 
of an acyl chloride with the corresponding carboxylic acid. The hydroxy oxy- 
gen atom of the acid is the nucleophile which adds to the carbonyl carbon 
atom of the acyl halide. Pyridine is often used as a base to convert the carbox- 
ylic acid to a carboxylate anion and thus to enhance its nucleophilicity. Pyri- 
dine also functions as a base to neutralize the НС! which forms during the 
reaction. 


„о о C) 


vA 
нене ненен yet у 
он СІ 
Propanoic acid Propanoyl chloride 
(Propionic acid) (Propionyl chloride) 


BB € s, 
CH,CH,CA. „2ССн,СН, + \ ма 


Propanoic anhydride Pyridinium hydrochloride 
(Propionic anhydride) (Pyridinium chloride) 
100% 


о O = 

2 2 ( А 

снусн», < + CH;(CH,);C. — ——— [CH,(CH,),CO],0 + NH CI- 
OH cl X 7 


Heptanoic acid Heptanoyl chloride Heptanoic anhydride 
97% 


PROBLEM Suggest a mechanism for the preparation of propanoic anhydride from 
9-19 propanoic acid and propanoyl chloride in the presence of pyridine. 


Dehydration is another general method for preparing anhydrides, since 
they are formally composed of two molecules of carboxylic acid from which 
one molecule of water has been removed. Acyl halides and anhydrides read- 
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ily react with water (Sec. 9-2B) and are often employed as the dehydrating 
agent in forming other anhydrides. 

Acetic anhydride is relatively inexpensive, and its hydrolysis product, 
acetic acid, has a lower boiling point than most other carboxylic acids. It is 
commonly used as the dehydrating reagent in the preparation of higher- 
molecular-weight anhydrides in a process known as anhydride exchange. 
The equilibrium reaction can be made to favor product formation if the acetic 
acid is distilled from the reaction mixture. 


A 


2C,H,CO;H + (CH;CO),0 +  (C,HCO]O + 2CH,CO,H 
Benzoic acid Acetic anhydride Benzoic anhydride Acetic acid 
(mp 122°C) (bp 140°C) (bp 360°C, mp 42°C) (bp 118°C) 


Interestingly, direct dehydration by heating two molecules of carboxylic 
acid is not a successful method for the preparation of acyclic anhydrides. 
However, five- and six-member cyclic anhydrides are often prepared by this 
direct dehydration procedure. 


о 
CO,H 
ү? DAS О + HO 
CO,H 
о 
Butanedioic acid Butanedioic anhydride 
(Succinic acid) (Succinic anhydride) 


a Explain why five- and six-member cyclic anhydrides might be ex- 
pected to form more readily than acyclic anhydrides. 


b Propose a mechanism for the thermal dehydration of benzene-1,2- 
dicarboxylic acid (phthalic acid) to its anhydride. 


Acetic anhydride is an economically important product of the chemical 
industry. One commercial method for its preparation involves addition of 
acetic acid to the very reactive carbonyl group of a compound commonly 
known as ketene. 

OH Ox. ve) ION 
CH,CO,H + CH,=C=O —> сн,=с- a CH; = CH CN CCH; 


Acetic acid Ketene Acetic anhydride 


Most anhydrides used in synthetic chemistry are symmetrical; that is, 
they are composed of the fragments of two identical molecules of carboxylic 
acid. Unsymmetrical (mixed) anhydrides, which commonly involve an or- 
ganic and an inorganic acid fragment, are often found as intermediates in 
preparative reactions (Sec. 9-4A). The mixed anhydrides of phosphoric acid 
play an important role in many biological processes (Sec. 9-7B). 
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PROBLEM Draw the structural formulas for the organic product(s) in each of the 
9-21 following reactions. 


а C,H,CH,COCI + C,H,CH,COzNa* —> 


b Phenylacetic acid + thionyl chloride —— 


€ 3-Methyl-1,5-pentanedioic acid (B-methylglutaric acid) + А 
acetic anhydride —› 


d CH,COCI + HCO;Nat+ IHE, 
e (CH,),CHCH,CO,H + PCI, —> 


f Trichloroacetic acid + SOCI, чын 


CH,CO,H 
в СХ + (CH,CO),0 4. 
CO,H 


The nitrogen analogs of anhydrides are imides. They are prepared by 
exchange of ammonia or amines with anhydrides or by reaction of amides 
with carboxylic acids. 


О + NH, (excess ——, 


Phthalic anhydride ине 
o 
HO,CCH,CH,CH,CONH, -2> H + H,O 
o 
Glutaramide Glutarimide 
65% 


PROBLEM Fill in the structures missing from the following synthetic sequence. 
9-22 o 


O + CH,OH SOCI, CH,NH, 


о 
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о 


up, NCH, + CH,OH 


9-5 Hydride as the Nucleophile—Reduction 


We encountered the complex metal hydrides lithium aluminum hydride 
and sodium borohydride during our study of aldehydes and ketones (Sec. 
8-4A). It should not be surprising to learn that these same substances are 
useful hydride donors toward other types of carbonyl groups. An important 
contributor to their synthetic utility is the markedly different reactivity of the 
two hydride donors. Lithium aluminum hydride reacts with a broad range of 
compounds, whereas sodium borohydride is much less reactive and is there- 
fore quite selective. 

The course of reactions of hydride donors with compounds of the car- 
boxylic acid family depends on the nature of the reactant and reagent. Acyl 
halides, anhydrides, esters, and carboxylic acids tend to undergo reduction to 
primary alcohols. However, proper choice of the reaction conditions and hy- 
dride source may permit an aldehyde to be isolated. Amides lead to amines or 
in certain cases to aldehydes. The usual reaction of a hydride donor with a 
compound of the carboxylic acid family is reduction. 


A. Reactions with Acyl Halides, Anhydrides, Esters, and 
Carboxylic Acids 
The hydride reduction reactions of acyl halides, anhydrides, esters, and 
carboxylic acids are discussed together because those four members of the 
carboxylic acid family follow similar reaction pathways. Consider their reac- 
tions with lithium aluminum hydride. Reduction in each case leads to a pri- 
mary alcohol. 


О 
Ё P 1) EO 
е со LAM, Duo.» 2СЫССН,ОН 
Trichloroacetyl chloride aid. Trichloroe hank 
; уво 
(CoH,CO),O + МАН, JAC 2С;Н:СН,ОН 
Benzoic anhydride + Benzyl alcohol 


2CH,CH=CHCH,CO,CH, + ЧАН, EE 2CH,CH=CHCH,CH,OH + 2CH,OH 
Methyl 3-pentenoate А 3-Penten-1-ol 
A(CHj,CCO,H + 3LiAIH, uec 4(CH,),CCH,OH 
3 
22-Dimetbylpropaneie 2,2-Dimethyl-1-propanol 
aci (Neopentyl alcohol) 


(Pivalic acid) 
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The reactions appear to proceed in two steps. The first step is the famil- 
iar substitution reaction with hydride as the nucleophile. However, the prod- 
uct of this first reaction is an aldehyde or an aldehyde complex. That interme- 
diate generally cannot be isolated, and it reacts with additional hydride in a 
rapid second step to produce the final product. 


7e (О i oo 
с + LiAIH, == RCN Ale ct 8779 MM 
L DH L 
a Se о 


2 
R-C—H | (а= К-С) + ШАНЫ 


( f 


О  LiAIH 
Ё Б 4 
вс о RCH,OH (Sec. 8-4A) 
Н ШАН; 


Reduction of carboxylic acids is rather interesting. We know that lithium 
aluminum hydride, a strong base, reacts with protons in an exothermic reac- 
tion. One hydride is indeed consumed by the rapid acid-base reaction with 
the carboxylic acid. The aluminum hydride portion of the salt which is formed 
is, however, a sufficiently powerful hydride source to react further and pro- 
duce an alcohol. 


RCO,H + LiAIH, —> R—CO,AIH;Li* + H, 


R—CO,AIH,Lit —> -#0*, RCH,OH 


Sodium borohydride is a relatively weak hydride donor. Effective reac- 
tion occurs only with the most reactive of the carboxylic acid derivatives, acyl 
halides. 

CH,CH,CH;COCI + NaBH, PL CH,CH,CH,CH,OH 
2 


Butanoyl chloride 1-Butanol 
(Butyryl chloride) 81% 


Lithium borohydride lies between lithium aluminum hydride and so- 
dium borohydride in reactivity. It can reduce esters but not carboxylic acids. 
Note that hydride reduction of esters produces two alcohols, one from the 
alkoxy portion of the ester and one from reduction of the acid portion of the 
ester. 


CH4(CHj) CO4(CH;),CH, + LiBH, 2 Оіохапе , 


2) H,O 
Butyl octadecanoate 
(Butyl stearate) 


CH4(CHj),,CH,OH + CH,(CH,),CH,OH 


1-Octadecanol 1-Butanol 
91% 86% 


The selectivity of the various metal hydrides can be employed to reduce 
only one functional group in a complex molecule. In the steroid molecule 
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below, sodium borohydride was used to reduce the ketone carbonyl group 
without affecting the ester function. 


CO;CH; CO,CH, 


1) NaBH,/MeOH 
2)H,O+ 


o HO 

r Br 

A delicate balancing of reactivities permits aldehydes to be prepared 

from acyl chlorides. One technique involves the reaction between a reactive 
acyl chloride and a sterically hindered hydride donor. Lithium tri-tert- 
butoxyaluminum hydride, a derivative of lithium aluminum hydride, is suffi- 
ciently sterically hindered to prevent it from reacting with the intermediate 
formed by the initial hydride substitution. Hydrolysis of the reaction mixture 
destroys unreacted hydride and allows the aldehyde to be recovered. 

C,H,COCI + LiAIH[OC(CH,)sl, прешао C,H,CHO 


Benzoyl chloride Lithium tri-tert-butoxyaluminum Benzaldehyde 
hydride 73% 


During the work-up of the reaction mixture from а reduction with lith- 
ium aluminum hydride, it is common to add ethyl acetate and then 


aqueous acid. Why utilize ethyl acetate rather than add aqueous acid 
directly to the reaction mixture? 


. Reactions with Amides 


The reaction of an amide with lithium aluminum hydride produces an 
amine. The reaction takes a different course from that of other compounds in 
the carboxylic acid family. The carbonyl oxygen atom is lost in the process as 
the carbonyl is reduced to a methylene group. 


CH4(CH;) Ж, 
3 2/10 
^NHCH; Ани CH4CH;)4CHjNHCH; 
N-Methyldodecanamide jg N-Methyldodecanamine 
(N-Methyllauramide) (Laurylmethylamine) 
95% 
CH; CH; 
1) LiAIH,/A 
CH; ^N^^O  12EO0Ac СН; ^N 
H 3) H,O* H 

5,5-Dimethyl-2-pyrrolidone ео 


* Diglyme is the dimethoxy ether of diethylene glycol (CH3OCH;CH;OCH;CH;OCH;) 
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The detailed pathway of amide reduction has not been clearly eluci- 
dated. A plausible mechanism involves addition of hydride to the carbonyl 
carbon atom of an initially formed amide salt, followed by loss of the oxygen 
atom as an aluminum oxide. The resulting imine is rapidly reduced to give the 
amine (Sec. 8-7A). 


o о 
и 2 
Re FLAIR, = СС н, 
МН, NHAIH,Li* 
О O---AIH. 
2 2 3 
reci в. LiAIH, 
NÑHAIH, Li+ NH-Li* 
(OX AIHGLi* NH 
P 2 
R-CNH-Lt —>R—CO + LíOAIH, 
ü H 


К-С“  -LiAIH, — 42°, RCH,NH, 


. Diborane as the Hydride Source 


Diborane (BH), is a toxic gas which is normally formed by the reaction 
of sodium borohydride with boron trifluoride. Diborane is the dimer of 
borane (BH3). We will see that the reactions of diborane proceed as if the 
reagent were BH;. 


3NaBH, + 4BF, Ве, 2(BH,), + 3NaBF, 


(BHj, == 2BH, 


Diborane Borane 


Diborane is important to the organic chemist because it adds to multiple 
bonds. In Sec. 15-3D we will explore some of the extensive chemistry of or- 
ganoborane derivatives formed from alkenes and alkynes. 

Diborane also reacts with carbonyl groups to give products indicative of 
hydride addition to the carbonyl carbon atom. Diborane is capable of reduc- 
ing many different kinds of compounds containing carbonyl groups. 


P-CIGH,CO,H + (BHj, DPishme, сус н cg og 


í 2) H,O 
p-Chlorobenzoic acid p-Chlorobenzyl alcohol 
88% 
О 
2 1) ТНЕ 
(CHAR + (BH), SES — (CH),CCH,N(CH)); 
(CH3), s 
N,N,2,2-Tetramethylpropanamide N,N-2,2-Tetramethylpropanamine 
(N,N-Dimethylpivalamide) (N,N-Dimethylneopentylamine) 


79% 
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p-CH,OC,H,CHO + (ВН), EU p-CH,OC,H,CH,OH 
2 


p-Methoxybenzaldehyde P-Methoxybenzy! alcohol 
92 
1) THF 
()-CH,OC,H,);C=O + (ВН,), уно” -CHOCH CHOH 
Di-p-methoxyphenyl ketone а Di-p-methoxyphenylmethanol 
100! 


Lithium aluminum hydride, sodium borohydride, and diborane are a 
very useful set of reagents for reducing carbonyl groups. Each has particular 
reactivity characteristics which allow selective reductions to be accomplished. 
Table 9-2 compares the functional group specificity of these reagents. 


TABLE 9-2 Reduction of Carbonyl Groups by Hydride Donors (Relative 
Reactivity with a Particular Reagent Is Indicated by a Number in 
Parentheses Adjacent to the Product —a Lower Number Indicates Higher 


Reactivity) 
Functional Product of Reduction Using 
Group LiAlH, NaBH, (BH3); 
v. 
- —CH,OH (1) —CH,OH (1)  —CH,OH (2) 
H 
[e он OH OH 
l сн (2) ао) 
p 
—© —CH,OH (3) CHOI) er 
cl 
С 
- —CH,OH + ROH 4) — —CH,OH + ROH (5) 
OR 
o Z 
2 4 
ri и jj —CH,N( (5) ue сну (4) 
Ng 
о 
< —CH,OH (6) u —CH,OH (1) 


PROBLEM Provide a structural formula for the missing reactant, reagent, or prod- 
9-24 uct in each of the following reactions: 

1) THF 

2) H,O+ 


a C,H,CH,CO;H + НАШ, 


+ NaBH, e oen, C,H,CH,OH 
3 
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1) Diglyme 
€ ___ + (BH). унано” (CHU,CHCH;NHCH, 


1) 
3 ouc-(  )-coa + aoe " 
носи, {  )-coa 


1) THF 
2) н:0+ 


e C,H,CO,CH(CHj), + 


C,H,CH,OH + (CH,),CHOH 


1) Et,O-MeOH 
2) H,O* 


9-6 Carbon as the Nucleophile—Organometallic 
Reagents 


Organometallic reagents were introduced in Sec. 8-5 as important car- 
bon nucleophiles. We saw the synthetic versatility of addition of these rea- 
gents to carbonyl groups of aldehydes and ketones. 

In this section we consider reactions of organometallic reagents with 
compounds of the carboxylic acid family. We will see that the course of a 
reaction may be substitution on the carbonyl group or substitution followed 
by addition. The type of carboxylate compound and nature of the reagent 
govern the reaction pathway. 


всю 
R d 4 RM Aem 
х н 
L CR. "DUM 
b 


A. Reactions with Esters 


Esters react smoothly with Grignard and organolithium compounds. 
Two moles of the organometallic compound are normally consumed to pro- 
duce a tertiary alcohol with at least two identical substituents. 
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OH 


4 1) Penta: | 
e 2CH,Li ure (tc, 


Methyl Methyllithium 2-Cyclohexyl-2-propanol 
cyclohexanecarboxylate 


CH,(CH,); О + 2CH,MgBr uet CH4(CH,),CH(CHj)C(CH,) 
3 


y-Nonanoic lactone Methylmagnesium 2-Methyl-2,5-decanediol 
bromide 57% 


GH,CO,CH,-- 2C6H;MgBr 0.5 (CH, COH 
3 


Ethyl benzoate Phenylmagnesium Triphenylmethanol 
bromide (Triphenylcarbinol) 
93% 


Carbonate esters react with 3 moles of organometallic reagent to pro- 
duce tertiary alcohols with three identical substituents, whereas esters of for- 
mic acid lead to secondary alcohols. 


9 он 
CH,OCOCH, + 3CH,CH,MgBr A Mr" CH,CH,CCH,CH, 
3 
CH,CH, 
Dimethyl carbonate Ethylmagnesium bromide 3-Ethyl-3-pentanol 
(Triethylcarbinol) 
85% 
o A 
VA 
HCO + 2CH,CH,CH,CH,MgBr Auc CH,CH,CH,CH,CHCH,CH,CH,CH, 
OC,H, р 
Ethyl formate Butylmagnesium bromide 5-Nonanol 


PROBLEM The highly toxic gas phosgene (COCI,) is the diacid chloride of car- 
9-25 bonic acid. 


a How can dimethyl carbonate be prepared from phosgene? 


b Devise a synthesis for tert-butyl alcohol (2-methyl-2-propanol) from 
dimethyl carbonate and other reagents. 


The reactions of esters with organometallic reagents follow a mechanis- 
tic pathway very similar to that of their reactions with hydrides (Sec. 9-5A). 
Substitution by the organometallic reagent initially produces a ketone or ke- 
tone complex. Although the ketone can be isolated in certain cases, further 
reaction with the organometallic reagent is usually rapid and leads to a terti- 


ary alcohol. 


298 Nucleophilic Substitutions on the Carbonyl Group— The Carboxylic Acid Family 


© Ci. j 
КМ + КЕС === R—C—OR” > R—C—R’ + R"OM 
PA |“ 
OR v 
OM OH 
| | one ЫШ, 
R—C—R’ + КМ > К. R’ > R-C—R (Sec. 8-5C) 


PROBLEM Write the chemical equations for the reaction of each of the following 
9-26 compounds with (i) lithium aluminum hydride and (ii) ethyl- 
magnesium iodide. 


a Ethyl phenylacetate c y-Butyrolactone 
b Methyl 4-oxohexanoate d Butanoic acid 


An interesting example of selectivity by organometallic reagents is illus- 
trated by the Reformatsky reaction. Whereas Grignard reagents readily add 
to carbonyl groups of esters, organozinc reagents are essentially unreactive 
toward esters. Organozinc reagents do, however, add to the carbonyl groups 
of aldehydes and ketones. In the Reformatsky reaction, the organozinc deriv- 
ative of an a-haloester is prepafed and then added to a carbonyl compound. 
The reaction is a method for preparing 8-hydroxy esters. 


OH 

| 
BICH,CO,CH, + Zn ВА BrznCH,CO CH, GACHO, CH; CHCH;CO,C;H; 
Ethyl bromoacetate Ethyl bromozincacetate- ) Hy Ethyl 3-hydroxy-3- 


phenylpropanoate 
enm 


B. Reactions with Acyl Halides 


Acyl halides react rapidly with most organolithium and organomag- 
nesium reagents. The process is of limited utility as a method for preparing 
tertiary alcohols since side reactions often predominate. The analogous con- 
version beginning with an ester is preferred (Sec. 9-6A). 

Organocadmium reagents are less reactive than the corresponding lith- 
ium or magnesium compounds. Reactions take place with acyl halides, but 
normally not with aldehydes or ketones. It is therefore possible to prepare a 
ketone from an acyl halide through addition of only 1 mol of an organocad- 
mium compound. The ketone, or ketone-metal complex, does not react fur- 
ther and can be isolated. 


1 
(CH,CH,),Cd + C;H,COCI. Ss, с н.Ссн,сн, 
Diethylcadmium Benzoyl chloride Propiophenone 
(1-Phenyl-1-propanone) 
84% 


PROBLEM 


9-27 
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о 
(C;H,Cd + coat EM Qa, 


Diphenyleadmium ^^ Cyclobutylcarbonyl Cyclobutyl phenyl 
chloride ketone 
40% 


Organocadmium compounds are usually prepared by exchange reac- 
tions between cadmium chloride and Grignard reagents (Sec. 8-5B). Only aryl 
ak primary alkyl cadmium reagents are sufficiently stable to be used in syn- 
thesis. 

Organocopper reagents, like organocadmium reagents, are quite selec- 
tive in their reactivity with carbonyl-containing compounds. Only acyl ha- 
lides usually react and they lead to ketones. 


о 
| 

CH,(CH,),COCI + (CH,),CuLi 200E, CH,(CH,),CCH, 
Pentanoyl Lithium 2-Hexanone 


chloride dimethylcuprate 


О 
| 
Н,С,О,ССН,СН,СОС! + (n-C,H,),Culi E, H,C,O,CCH,CH 4. Сунул 
The organocopper reagents are usually prepared from the corresponding or- 
ganolithium plus cuprous halide. 
2n-C4HsLi + CuCl —> (n-C4Ho);CuLi + LiCl 


2,2,4,4-Tetramethyl-3-pentanone (hexamethylacetone) can be prepared 
in good yield from the following organometallic reactions of esters or 
acyl halides. Why does the reaction stop at the ketone rather than con- 
tinue to the tertiary alcohol? 


(CH,),CMgBr + (CH,),CCO,C,H; 


[o 
| 
2(CH,);CMgBr + (C,H,O),C—O (CH). C C(CH), 


(CH,);CMgBr + (CH;),CCOCI 


. Reactions with Carboxylic Acids 


Reactions of carboxylic acids with organometallic reagents rapidly pro- 
duce carboxylate salts in an acid-base reaction. When the organometallic com- 
pound is a Grignard reagent, the reaction usually stops at that point even 
when excess reagent is present. Thus Grignard reagents normally cannot be 
added to another functional group if a carboxylic acid is also present. 

Organolithium compounds, however, add to an initially formed lithium 
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carboxylate to give adducts which are converted to ketones on subsequent 
hydrolysis. The sequence is valuable because it is virtually unique in provid- 
ing a method for direct conversion of the carbonyl group of a carboxylic acid 
to that of a ketone. 


сн, CH; 9 
2CHgli + ©н.гсо,н кты с,нр—Сс,н, 
3 
CH; C;H; 
Phenyllithium —— 2-Methyl-2-phenylbutanoic 1,2-Diphenyl-2-methyl-1-butanone 
acid 6595 
| 
(CH,),CLi + GH,CO,H 2 Сен, C,H,CC(CH), 
tert-Butyllithium Benzoic acid ? 2,2-Dimethyl-1-phenyl-1-propanone 
(Pivalophenone) 
67% 


The reaction mechanism resembles that which was proposed for the 
formation of ketones from nitriles and organometallic reagents (Sec. 8-7B). 
The adduct from reaction between the carboxylate salt and the organolithium 
reagent is stable in the reaction medium. Subsequent addition of water hydro- 
lyzes the adduct to produce a ketone while destroying any unreacted or- 
ganolithium compound. 


Ки + RCO;H — RCO;Li* + RH 


t ME, 
RCO;Li* + R'Li — КСК, ЊО“, р oR’ =O. RCR 
O-Lit OH 
Unstable 
gem-diol 


PROBLEM The usual method for preparing a carboxylic acid from a Grignard rea- 
9-28 gent is to pour the reagent over solid CO, (dry ice). Another technique 
is to bubble gaseous CO, through the Grignard solution. This latter 
method leads to small amounts of alcohol product. Account for this 
side reaction. 


PROBLEM Suggest a procedure for the synthesis of each of the following com- 
9-29 pounds using an organometallic reagent and a carboxylic acid deriva- 
tive. Include a method for preparation of the organometallic. 


a 3-Pentanol 
b Benzophenone (diphenyl ketone) 
с 4-Ethyl-1,4-hexanediol 


d 5-(2,2-Dimethylpropyl)-5-nonanol 


PROBLEM 
9-30 
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Summarize the methods we have learned to this point for synthesizing 


ketones. 


Enantiomer Resolution 


A combination of many of the reactions of carboxylic acid derivatives is 
utilized in the process known as enantiomer resolution (Sec. 6-5E). Recall that 
the enantiomers of an individual compound have identical physical proper- 
ties and cannot be separated by the usual laboratory methods (Sec. 6-5A). But 
diastereomers are separable stereoisomers (Sec. 6-5E). Conversion of enantio- 
mers to diastereomers can provide a method of separation. 

A common method for resolving racemic alcohols is to convert the alco- 
hols to half-acid-half-esters through reaction with a cyclic anhydride (Sec. 
9-4B). The free carboxylate group is then used as a handle" for connection to 
a naturally occurring optically active amine such as brucine. The ammonium 
salt resulting from reaction of the acid with the optically active amine is a 
mixture of diastereomers which may be separated, usually by fractional crys- 
tallization. Separation of the diastereomers therefore accomplishes separation 
of the original alcohol enantiomers. Regeneration of the half-acid—half-ester 
from each diastereomer by acidification, then hydrolysis of the esters, pro- 
duces the individual alcohol enantiomers. The resolution of 2-octanol is out- 


lined in Fig. 9-1. 


FIGURE 9-1 

The enantiomer 
resolution of 
2-octanol. 


n-C,H,;CHOHCH, + ps; — 
о 


dl-2-Octanol Phthalic anhydride 
(racemic) 
O CH, 
SO Ва Brucine Prucine (R)-2-octyl phthalate 
rucin is 
COH Brucine (5)-2-octyl phthalate 
2-Octyl hydrogen phthalate Brucine salts, 


(separated by 
fractional recrystallization) 


-2-octyl phthalate HCI Brucine-HCl + (R)-2-Octyl hydrogen phthalate 


Brucine (К) 
RI. 
СОСНС,Н,з O;Na 
ais ООН + CH,CHOHC,H,, 
CO,H CO;Na 
(R)-2-Octyl hydrogen phthalate Sodium phthalate (R)-2-Octanol 


(Optically active) 


302 Nucleophilic Substitutions on the Carbonyl Group— The Carboxylic Acid Family 


PROBLEM a What important aspect of the ester hydrolysis mechanism receives 
9-31 support from the fact that optically pure alcohol is formed in the 
| resolution sequence? 
b The structural formula of the alkaloid brucine is depicted below. 
Draw a formula for brucine 2-octyl phthalate. 


О. О 


CH,O N 


CH,O 


Brucine 


9-8 Nucleophilic Substitution on Derivatives of 
Sulfuric and Phosphoric Acids 


The strong acids, sulfuric and phosphoric, form organic derivatives 
which have many chemical properties that are similar to those of compounds 
in the carboxylic acid family. Their central atoms, sulfur and phosphorus, 
differ from carbon in that they are able to accommodate more than eight 
electrons in the outer electron shell. This ability of atoms below the second 
row of the periodic table to make use of d and higher atomic orbitals accounts 
for a greater flexibility in bonding than we have encountered with carbon 
atoms. 


A. Sulfuric Acid Derivatives 


Sulfuric acid can form mono- and diesters through reaction with alco- 
hols. The process appears analogous to esterification of carboxylic acids, but it 
may not proceed by the same mechanism. 


o 
| | 
но—5—Он + C,H;OH — HO-$—OC4H, 4 HO 
о 
Sulfuric acid Ethanol Ethyl hydrogen 

sulfate 

| 7 

но—5 0н + 2CH,OH —> CH,O—$—OCH, + 2H,0 


[9] 
Methanol Dimethyl sulfate 
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, Another method for the preparation of dialkyl sulfates is through oxida- 
tion of the corresponding dialkyl sulfites. The sulfites are readily prepared 
from thionyl chloride and alcohols. This method avoids the competing elimi- 
nation of water from the alcohol reactant (Sec. 4-2B) which often occurs dur- 
ing esterification of sulfuric acid. 


| 
2C,H;OH + SOCI, — C,H,O—S—OC,H, + 2HCI 
Diethyl sulfite 


О 
| | 
C;H,0—5—OC;H; Xe, C;H,0— ү Ось 


Diethyl sulfate 


Replacement of one of the hydroxy groups of sulfuric acid by an alkyl or 
aryl group produces a sulfonic acid. The sulfur atom of sulfonic acids is in an 
oxidation state lower than that in sulfates (Sec. 4-3). Alkyl sulfonic acids can 
be prepared from the reaction of sulfite ions with organohalogen compounds, 
whereas aryl sulfonic acids are obtained through sulfonation of aromatic com- 
pounds (Sec. 18-1C). 


1) EOH/H,O 


BrCH,CH,Br +. №50. уно» BrCH,CH,SO,H 
1,2-Dibromoethane ^ Sodium sulfite — ^ 2-Bromoethylsulfonic 
i 
80% 
ev) соро ex вом 
Тошепе Sulfur p-Toluenesulfonic 
trioxide acid 
65% 


The derivatives of sulfonic acids are analogous to those which form from 
carboxylic acids. 

RCOOH, carboxylic acid RSO;OH, sulfonic acid 

RCOCI, acyl chloride RSO,CI, sulfonyl chloride 


RCOOR’, carboxylic acid ester RSO;OR', sulfonic acid ester 


ЕСОМН,, carboxamide RSO;NH,, sulfonamide 


Like their carboxylic acid analogs, sulfonyl chlorides are the most reac- 
tive of the sulfonic acid derivatives. They are normally prepared through 
reaction of the sulfonic acid with phosphorus pentachloride or thionyl chlo- 
ride. 

GH COM > е н.з 


2) PCI, 
Benzenesulfonic acid коншу! chloride 
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PROBLEM 


9-32 


The reactions of sulfonyl chlorides with alcohols produce sulfonic es- 
ters. When p-toluenesulfonyl chloride is the reagent, the p-toluenesulfonic 
ester is called a tosylate. In Chap. 10 we will see that tosylates and other 
sulfonic acid esters are excellent leaving groups in nucleophilic substitution at 
a saturated carbon atom. 


p-CH,CgH,SO,Cl + n-C,HOH МОНО, CH. C H,SO,C Hn 
p-Toluenesulfonyl chloride 1-Butanol Butyl p-toluenesulfonate 
(Tosyl chloride) (Buty! tosylate) 


54% 


Sulfonyl chlorides react with ammonia or primary and secondary 
amines to give sulfonamides. Sulfonamides are often used as solid deriva- 
tives to characterize amines. 


p-CH,CgH,SO,Cl + CH,NH, №ОН/НО, , cH,C,H,SO,NHCH, 
p-Toluenesulfonyl chloride  Methylamine N-Methyl-p-toluenesulfonamide 
(bp —6°C) (mp 75°C) 


The reaction of benzenesulfonyl chloride with amines is a classical 
method for distinguishing between low-molecular-weight primary, 
secondary, and tertiary amines (the Hinsberg test). Primary amines pro- 


duce sulfonamides which are soluble in dilute base. The sulfonamides 
of secondary amines do not dissolve in base. Tertiary amines fail to 
react with benzenesulfonyl chloride. Account for the course of the 
Hinsberg test. 


An historically interesting sulfonamide is p-aminobenzenesulfonamide, 
commonly known as sulfanilamide. Sulfanilamide was one of the first sulfa 
drugs and is effective against a broad range of bacterial infections. Although 
sulfanilamide has been replaced by more effective derivatives, it is often con- 
sidered to be the first "wonder drug." 


usc. золы, 


p-Aminobenzenesulfonamide 
(Sulfanilamide) 


Sulfanilamide destroys bacteria by interfering with the essential folic 
acid synthesis. The central portion of folic acid is a p-aminobenzamide frag- 
ment. Sulfanilamide substitutes for the benzamide and forms a modified folic 
acid which is not functional in the bacteria. 


t 
он | 711 
id а самы 


Folic acid 
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B. Phosphoric Acid Derivatives 


Phosphoric acid (рК = 2) is weaker than sulfuric acid (рКа << 0) and 
somewhat stronger than carboxylic acids (pK, ~ 5). We will often encounter 
phosphoric and sulfuric acids as catalysts in organic reactions. 

Phosphoric acid forms a series of polymeric anhydrides which resemble 
the anhydrides of carboxylic acids. The di- and trianhydrides are of particular 
interest for they are involved in the biological energy transfer process. 


(ө) 
| | | 
2HO—P—OH == оо он + HO 
бн н OH 
Phosphoric acid Diphosphoric acid 
(Orthophosphoric acid) (Pyrophosphoric acid) 
nd T а 
HO—P—O—P—OH + HO—P—OH === НО i SM ай P—OH + H,O 
H H H оон OH 


Triphosphoric acid 
(Polyphosphoric acid) 


Phosphoric acid has three replaceable hydroxy groups, so it is capable of 
forming топо-, di-, and triesters. 


| I 
Do yee HO—P—OC,H, 


OH H 
Phosphoric acid Ethyl phosphate 
(Orthophosphoric acid) 


| | 
C,H,O—P—OC,H,  C,Hj0— ТОС: 
H OC,H; 
Diethyl phosphate Triethyl phosphate 


PROBLEM Account for the observation that diethyl phosphate is acidic. 
9-33 


The triesters—trialkyl phosphates—are readily prepared in the labora- 
tory from phosphorus oxychloride (the triacyl chloride of phosphoric acid) 
and alcohols. Trialkyl phosphates are relatively stable compounds which are 
often used as the solvents in laboratory preparations. 


C,H, idii 
3n-C,H,OH + РОС, Cem, (C H0) РО 
1-Butanol Phosphorus Tributyl phosphate 
oxychloride 75% 
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PROBLEM 
9-34 


Adenosine triphosphate OH 
(ATP) 


The equation for the hydrolysis of a phosphoryl chloride looks very 
much like that for the hydrolysis of an acyl halide. Yet when dimethyl- 


О 
phosphoryl chloride (CH), is allowed to react with !*O-enriched 


СІ 
water, no exchange between the oxygen atoms of water and the phos- 
phoryl oxygen is observed. Suggest a mechanism for the hydrolysis of 
dimethylphosphoryl chloride consistent with this result. 


Phosphoric esters account for over 3 percent of the organic materials in 
most living tissues. They are involved in almost every aspect of cellular func- 
tion. One of their most important reactions is phosphorylation, the process 
whereby a phosphoryl group is transferred from one group to another. The 
sequence is nucleophilic substitution on phosphorus and it accomplishes the 
same type of structural change as do the acyl transfer reactions of carboxylic 
acid derivatives. 


о О О О 

^ I d Il | 
uisus О M » Nu j OH +-:0 ix 
OH OH OH OH 


Adenosine triphosphate (ATP) is often referred to as a “high-energy” 
phosphate. In biochemical terms this means that when ATP transfers a phos- 
phate group (phosphorylation) to a suitable acceptor (nucleophile), energy is 
released. The cleavage of phosphate bonds is an important pathway for en- 
ergy transfer in biological systems. 

The amount of energy released depends on the nature of the nucleo- 
phile involved in the phosphorylation. Using water as the standard, hydroly- 
sis of ATP (phosphorylation of water) produces adenosine diphosphate 
(ADP) and releases about 7 kcal/mol (30 kJ/mol) of energy. 


NH, 
J 
27 
+ H,O == 
NH, 
N. S 
N 
La Gein 
HO—P—O—P—OCH, М ~N? + HO—P—OH 


HO OH 
он рее» 
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PROBLEM 


9-35 


Many phosphorus compounds are toxic. Malathion and parathion are 
insecticides which contain phosphorus. Compounds of this type often func- 
tion as nerve poisons because they irreversibly deactivate (inhibit) the en- 
zyme cholinesterase. 


ll | 
(CH,O),PSCHCO.CH, (C)H,O),POC,H,NO,-r 
CH,CO,C;H; 


Malathion Parathion 


In neurotransmission the ester acetylcholine is released by a nerve im- 
pulse to trigger a muscle contraction. The enzyme cholinesterase hydrolyzes 
the ester to end the process. The hydrolysis is a transesterification in which 
the acetyl group is transferred to a hydroxy group of the enzyme. 


5 
(CH,);NCH,CH,O,CCH, + enzyme—OH == 
Acetylcholine Cholinesterase 


(CH,);NCH,CH,OH + enzyme-—O;CCH; 


Choline Acetylcholinesterase 


An electrophilic phosphorus compound can be the receptor for the nu- 
cleophilic cholinesterase. Once the cholinesterase has reacted with the phos- 
phorus compound, it cannot function to hydrolyze acetylcholine, The muscle 
contraction continues and results in the death of the animal. A very potent 
cholinesterase inhibitor is diisopropyl fluorophosphate (DFP). 


о 
7 
((CH),CHOLEZ 
F 


Diisopropyl fluorophosphate 


Under certain carefully controlled conditions cholinesterase inhibition 
can be medicinally useful. A condition in which the acetylcholine receptor 
sites do not function effectively is treated with physostigmine or neostigmine 
bromide. These drugs react with the cholinesterase so that a higher concen- 
tration of acetylcholine remains unhydrolyzed to transmit the nerve impulse. 


Br-(CHN сн, CH; 


5 NWN. 
Br-(CH,),N O,CN(CHj)) 
O,CNHCH, 


CH, 


Neostigmine bromide Physostigmine 


Show how acetylcholine might be formed from choline and acetyl co- 


enzyme A. 
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Summary 


A. The Chemistry of the Carboxylic Acid Family 


The concept of the polar carbonyl group provides a basis for under- 
standing the chemistry of carboxylic acids and their derivatives. Reactions are 
initiated by the addition of a nucleophile to the carbonyl carbon atom. But 
unlike aldehydes and ketones, compounds of the carboxylic acid family un- 
dergo nucleophilic substitution rather than addition. 

Substitution takes place because compounds of the carboxylic acid fam- 
ily contain potentially good leaving groups. A leaving group departs from the 
initially formed tetrahedral adduct to regenerate the carbon-oxygen double 
bond. The overall process is acylation of the nucleophile. 


29° Ж | Vs; 
< + №:- == —C—Nu == =. Teo) Me 
| | Ми 


Nucleophiles are, or can readily be converted to, leaving groups. Thus 
many reactions involve substitution of one leaving group for another. The 
reactions account for the interconversion of members of the carboxylic acid 
family (Fig. 9-2). 


FIGURE 9-2 
Interconversions 
of carboxy deriv- 
atives (order of 
reactivity top to 
bottom, most 
reactive at top). 


o 
m 19 a SOCI; 
or РСІз ) 
R'COOH 
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a In some cases substitution is made effectively irreversible by a second 
addition of the same nucleophile. Reactions with hydride donors and organo- 
metallic reagents follow this pathway in the formation of alcohols. 


(е) о OH 
7 Е 4 qj 
-Á +H] — C —C-H 


7p К 
VA 
—© +RM—> — EMER 
L R R 


Sulfuric and phosphoric acids undergo reactions which resemble those 
of carboxylic acids. Esters, amides, and acid halide derivatives of these acids 
can be prepared and used as components of various organic processes. 


‚ Reactions of Compounds of the Carboxylic Acid 
Family 


Formation of carboxylic acid derivatives: 
a Esters (Sec. 9-2A) 
RCO,H + КОН = RCO,R’ + H,O 


О 
2 
RQ + КОН —э RCO,R’ 
cl 


(RCO),O + КОН = RCO,R’ + RCO;H 
b Thioacids (Sec. 9-2C) 


o o 
2 VA 
RC +Н5—> вс 
CI SH 
c Thioesters (Sec. 9-2C) 
О О 
2 
кс + R'SH — ЕС, 
с SR' 
d Amides (Sec. 9-3) 
[e] О 
2 2 
RO + нм — RO 
N N 4 
cl N, 
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О 
2 
(КСО),О + HN — RC. A. RCO;H 
N 


Де 
RCO,H + HNC les ag 


№ THO 
N 


е Acyl halides (Sec. 9-4A) 
j о 
2 
RCO;H + SOCI, — RC 
СІ 


о 

VA 

RCO;H + РС, — RC 
cl 


f Anhydrides (Sec. 9-4B) 


ЕДЫ! 
ВС. + R'CO;H —> RC—O—CR’ 


2RCO,H + (К'СО),О == (КСО),О + 2R'CO;H 


Formation of carboxylic acids from carboxylic acid derivatives (Sec. 9-2B) 


eU + н.о HOH", pco. 


Formation of alcohols 
a By hydride addition from complex metal hydrides (Sec. 9-5A) 
RCOCI + NaBH; —э RCH;OH 
(RCO),O + LiAIH, —> 2RCH;OH 
RCO,R' + LiAIH, —> RCH3;OH + R'OH 
КСОН + LiAIH; —5 RCH;OH 
b By hydride addition from diborane (Sec. 9-5C) 
RCO,R' + (BH3); —э RCH,OH + R'OH 
КСОН + (ВНз)› —э RCH;OH 
с By addition of organometallic reagents (Sec. 9-6A) 


HCO,R’ + 2R"MgX —— RZCHOH + КОН 
OH 


| 
RCO,R' + 2R"MgX —> ЕСЕ; + R'OH 


| 
ROCOR + 3R’MgX —> К,СОН + 2R'OH 
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Formation of aldehydes and ketones 
a By hindered hydride addition (Sec. 9-5A) 


О О 
2 Е 2 
КС, + LiAIH[OC(CH,)3]; — RG 
га H 


b By addition of organometallic reagents (Secs. 9-6B, C) 


о 
ve j 
вс RICd — RCR' 
d 
о 


2 Jl 
RCO + R;CuLi —> RCR’ 
cl 


it 
RCO;H + КМ —> RCR’ 
Formation of amines (Sec. 9-5B, C) 


УО ^ 
ЕС + LiAIH, —> RCH;N. 

А N 

SE 


/° / 
RCO, + (BH), — ВСНХ 


Dis 


C. Reactions of Sulfonic and Phosphoric Acids 


Formation of sulfonic acid derivatives (Sec. 9-8A) 


RSO,H + PCl, —> RSO,CI 
RSO;H + SOCI, —> RSO,CI 


N A 
RSO,CI + „АН — R5O;N, 
RSO,CI + КОН —> RSO,R’ 


Formation of trialkyl phosphates (Sec. 9-8В) 


ClP—O + ЗВОН —> (RO);P=O 
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9-10 


9-36 


9-37 


9-38 


9-39 


9-40 


Supplementary Problems 
Predict the major organic product(s) from each of the following reactions: 


а CH,CO,CH(C,H;), + HO 0, 


b Coc, + CH,OH (excess) 5 


с (CH,);CHCH,CO,H + (CH,),CHCH,OH Н“, 


СУ 


e p-CH,C,H,SO,Cl + СН,СНОНСН,СН, ——— 


d CH,CH,CO,H + CH,SH #5 


f CH,COCH,CO,C,H, + NaBH, —2-C#HsOH/H,0/0H~ 
2) H,O* 
m 

в CH,(CO,C,H,), + HO #5 

Jp 
h CH;CH,C + C,H,NH, — 

а 
CH,CO,H 

i 1) H,0/0H- 
i + NaBH, (excess) Эно" 


j (CsH;CO),0 + NH, — 


Provide an explanation for the fact that the trans isomer of ethyl 4-tert-butyl- 
cyclohexanecarboxylate is hydrolyzed by aqueous base about 20 times faster than the 
cis isomer. 


Trifluoroacetic anhydride is an excellent catalyst for the esterification of certain unreac- 
tive carboxylic acids. The reaction appears to involve the initial formation of the mixed 
anhydride. 


О 
I I 
RCO;H + (CF,CO),0 == RC—O—CCF, + CF,CO,H 
a Propose a mechanism for the formation of the mixed anhydride. 
b Briefly discuss the role of the trifluoroacetyl group in increasing the reactivity of the 
carboxylic acid toward esterification. 


The catalytic effect of pyridine on the formation of esters from phenols plus anhy- 
drides apparently involves an initial reaction of the anhydride with pyridine and then 
substitution by the alcohol (phenol). Suggest a mechanism for the preparation of 
phenyl acetate by this method. (Hint: See discussion of DCC in Sec. 9-3.) 


Write chemical equations for the conversion of pentanoic acid to 
a Sodium pentanoate 
b Pentanoyl chloride 


9-41 


9-42 
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c N-Methylpentanamide 
d Ammonium pentanoate 
е Methyl pentanoate. 


a A potential two-step mechanism for nucleophilic substitution at a carbonyl group 
involves departure of the leaving group with its bonding electrons followed by the 
addition of the nucleophile to the carbonyl carbon atom. Write such a mechanism for 
the acid-catalyzed conversion of benzoic acid to ethyl benzoate. 

b This rather uncommon mechanism has been suggested for the conversion of 2,4,6- 
trimethylbenzoic acid (mesitoic acid) to its ethyl ester. Provide a rationale for this 
special esterification example. 


CH, CH, 
Conc. О, 
сн, CO,H = us HSO., CH, O,CH; 
CH; CH, 


Predict the major organic product(s) from each of the following reactions: 


a + CH,NH, — 


[e 
CH; 
b H,NCH,CHCH,CO,H ->> 


o 


^ 
с снн +НЮ — 
cl 
n 1) EO 
d CH,CH,CH,CH,Li (2 mol) + CH,CO,H = т 


О 


е © + CH,OH (1 mol) —> 


о 
о 


A 
f сн + (C6H5) NH —> 
СІ 


сон, 
Е — 
NH; 


OH 
H* 
i CH4(CHj,CO;G;H; + C,H,CH,OH (excess) —> 
j (C4H,CO),O + (СНз):СНОН —> 


314 


Nucleophilic Substitutions on the Carbonyl Group— The Carboxylic Acid Family 


9-43 


9-44 


9-45 


9-46 


9-47 


9-48 


9-49 


*9-50 


Br 
| 1) Zn/E 
tO 
k C;H,CH,CHCO, CH, эснсно” 
3) H,O* 


1 (CHj,CHCOCI + (»-C;Hy,CuLi THE, 


One commercial method for the preparation of acetic anhydride is from the reaction of 
acetic acid with ketene (CH;—C—0O). Suggest a mechanism for this reaction. 


The reaction of the good nucleophile amide anion (HN: —) might appear to be a good 
way to prepare a carboxylic amide from a carboxylic acid. Discuss why the reaction 
does not proceed in that way. 


The use of thionyl chloride in the presence of dimethylformamide (DMF) is a method 
for enhancing formation of acyl chlorides. The actual reagent formed in the process is 
dimethylformamidinium chloride. 


+ 
о „сн, а 
500, + HC РНС. + 50, 
N(CHj), а 
Thionyl Dimethylformamide Dimethylformamidinium 
chloride (DMF) chloride 


a Propose a step-by-step mechanism for the preparation of trifluoracetyl chloride from 
dimethylformamidinium chloride and trifluoroacetic acid. 

b The reaction is often carried out using only about 10 percent of the stoichiometric 
quantity of DMF in $ОСЬ. Why is this possible? 


The Schotten-Baumann reaction for preparing esters consists of mixing the acid chlo- 
ride and alcohol in aqueous sodium hydroxide. Explain why the yields tend to be 
highest when the ester formed is insoluble in water. 


An interesting preparation of N,N-dimethylbenzamide from benzoyl chloride uses 
dimethylformamide as the source of dimethylamine. The yield is excellent (297%) 
when the reaction is carried out at 150°С. Propose a mechanism for the reaction 


ys Е „о 
C,H,COCI + HC А CHC + HCI + со 
N(CH;), N(CH;), 


Nitrate esters can be formed from nitric acid and an alcohol. Polynitro compounds are 
often used as explosives. Suggest a mechanism for the formation of the explosives 
nitroglycerin (glycerol trinitrate) and pentaerythritol tetranitrate [C(CH;ONO)),] from 
their respective alcohols. 


Diketene, the dimer of ketene, is a useful reagent for introducing acetoacetyl groups. 
Suggest mechanisms for the following reactions typical of diketene: 
CH, 
(снн + сс 2 Ether CH4COCH,CON(C;H;); 


POSER, oa аш 

Room temperature 

C;HjOH +| C—O CH4;COCH,CO,C;H; 
о 


Diketene 


Identify the ester CioHi2O», which has the following 'H-NMR spectrum: 2.0 ppm (5, 
3); 2.9 ppm (№, 2); 4.3 ppm (t, 2); 7.3 ppm (s, 5). 
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Two isomeric lactones, CSHgO», show a characteristic infrared absorption at 1810 ст! 


(5.5 um). The 'H-NMR spectrum of isomer А has singlets at 1.1 and 2.2 ppm with 
peak area ratios of 3:1. Isomer B has singlets at 1.2 and 4.0 ppm with area ratios of 3:1. 
Propose structures for A and B. 


A compound, CHNO, has a characteristic IR absorption at 1680 стг! (5.9 um) and 
the following !'H-NMR spectrum: 2.8 ppm (5, 3), 2.9 ppm (s, 3), 6.7-7.7 ppm (т, 4), 
9.7 ppm (s, 1). When the NMR sample is shaken with DO, the peak at 9.7 ppm 
disappears. 

a Identify the compound. 

b Show how the compound could be prepared by starting with p-bromotoluene. 


316 


10-2 


10-3 


10-4 


10-5 


Nucleophilic 
Substitutions at 
Saturated Carbon 


The Reaction Mechanism 
А. Reactivity at a Saturated Carbon Atom В. Available Pathways 
C. The Syl Mechanism D. The Sy2 Mechanism 


Stereochemistry of Nucleophilic Substitution 
А. The Sy2 Reaction В. The Syl Reaction 


The Variables in Nucleophilic Substitution 
A. The Leaving Group B. The Nucleophile C. The Site of 
Substitution D. Solvent Effects E. Solvolysis F. Syl Versus Sy2 


Summary 


Supplementary Problems 


10-1 


The preceding two chapters described the formation of new bonds to the 
carbonyl carbon atoms of aldehydes, ketones, and compounds of the carbox- 
ylic acid family. We saw that the nature of the substituents on a carbonyl 
group governs whether addition or substitution takes place. The carbonyl 
carbon atom is electrophilic and unsaturated, thus it is an obvious receptor for 
bonding with the electron pair of a nucleophile. 

But what happens when a nucleophile interacts with a saturated carbon 
atom? Is there a reasonable pathway for substitution of the nucleophile for 
one of the groups bonded to the saturated carbon? 

In this chapter we will learn that nucleophilic substitution at a saturated 
carbon atom does indeed occur. Two mechanistic pathways can account for 
the large variety of reactions which fit this classification. Understanding their 
characteristics broadens the base of the knowledge of nucleophilic reactions 
which we can apply to questions of synthesis and mechanism. 

Nucleophilic substitution at saturated carbon has played a particularly 
important role in the development of the theories of organic reaction mecha- 
nisms. We will again see how such variables as nucleophilicity, leaving 
group, stereochemistry, intermediate stability, and reaction medium are em- 
ployed to understand the chemistry that is taking place. 


The Reaction Mechanism 


. Reactivity at a Saturated Carbon Atom 


The polar carbonyl group offered us a very clear basis for introducing 
nucleophilic reactivity. The carbonyl carbon atom is not only positively polar- 
ized but, as an unsaturated carbon, it can readily accept the bonding electron 
pair provided by a nucleophile. 

As we explore the variety of nucleophilic substitution reactions that take 
place on saturated carbon, one common characteristic of the substrates will 
become obvious; the carbon atom is almost always bonded to a heteroatom— 
an atom other than carbon or hydrogen. Furthermore, that heteroatom is 
usually more electronegative than carbon and is also the leaving group (L) in 


the substitution reaction. 
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The electronegativity difference between the carbon and heteroatom 
leaving group provides a basis for understanding why nucleophiles react at 
saturated carbon. The carbon-to-leaving-group bond is polar, with the satu- 
rated carbon possessing a partial positive character. The saturated carbon 
atom is electrophilic and thus receptive toward nucleophiles. 


. Available Pathways 


Addition of a nucleophile to a carbonyl group leads to an intermediate 
whose stability depends on the other groups attached to the carbonyl carbon 
atom. For the compounds of the carboxylic acid family, addition of a nucleo- 
phile generates an intermediate that is usually unstable. Departure of a leav- 
ing group leads to a substitution product (Sec. 9-1A). The two-step sequence 
can be classified as addition followed by elimination. 

We might consider that an analogous addition is also the first step in 
nucleophilic substitution at a saturated carbon atom. But we must immedi- 
ately conclude that initial addition to the saturated carbon by the nucleophile 
is not reasonable here, for the adduct envisioned has five formal bonds associ- 
ated with the carbon atom. Such an intermediate would be very unfavorable 
energetically. 


Very unfavorable 
as an intermediate 
A second possibility is that one group on the substrate (the leaving 
group) first departs from the saturated carbon atom with its bonding elec- 
trons. An intermediate carbocation is formed, to which the nucleophile adds 
in a second step. The initial step is heterolytic dissociation (Sec. 5-1D). Such 
a two-step process is believed to be the mechanism of many nucleophilic 
substitution reactions. 


| 
Nu: + CL эе Е 


| | 
PEN- с-м 


Another generally accepted mechanism for nucleophilic substitution at a 
saturated carbon atom depicts new bond formation by the nucleophile occur- 
ring simultaneously with breaking of the bond to the leaving group. This 
mechanistic pathway differs from the one first proposed above in that an 
intermediate is never formed. Formation of a new bond and cleavage of an 
existing bond take place іп a single step. The bond-making and bond-break- 
ing configuration represents a high-energy transition state. This process in 
which bond making and bond breaking occur at approximately the same time 
is an example of a concerted reaction (Sec. 5-2A). 
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| | 
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C. The Syl Mechanism 


In Sec. 5-2D we introduced the hydrolysis of 2-chloro-2-methylpropane 
(tert-butyl chloride) as an example of a multistep process. The reaction rapidly 
produces 2-methyl-2-propanol (tert-butyl alcohol)—the product of substitu- 
tion for chloride by the hydroxy group of water. 


(CHj,C—Cl ^ 4 H,O 99", (CH,),C—OH + HCl 


2-Chloro-2-methylpropane 2-Methyl-2-propanol 
(tert-Butyl chloride) (tert-Butyl alcohol) 


The rate of this hydrolysis reaction has been carefully studied. A typical 
kinetic experiment (Sec. 5-3) involves reaction of the haloalkane with a small 
amount of water in a solvent such as acetone. Temperature is carefully con- 
trolled. Progress of the reaction is followed by determining the amount of HCl 
formed—a direct measure of the 2-chloro-2-methylpropane consumed. Ex- 
periments of this kind show that the rate of reaction depends only on the 
concentration of the haloalkane. The substrate (2-chloro-2-methylpropane), 
but not the nucleophile (water), is involved in the rate-controlling step, and 
the reaction is first-order (Sec. 5-3B). 


Rate = (СНз) СС] 


The mechanism is designated as Sy1: substitution, nucleophilic, uni- 
molecular. Of the two reasonable mechanistic possibilities that we introduced 
in Sec. 10-1B only the two-step dissociation-addition sequence is consistent 
with an Syl designation. 


(сноса em et. (CH) C+ + :@:- 


iat + 
(CHj,C* + ОН, == (CH;);COH, == (CHj,COH + Ht 


Reactions which proceed by an Sy1 mechanism are called Sy1 reactions. 
We can represent the changes in energy that take place during the course of 
the hydrolysis of 2-chloro-2-methylpropane, and other 51 reactions, by an 
energy profile diagram (Sec. 5-2C). The first transition state of this two-step 
reaction is depicted by showing partial bond dissociation of the leaving group 
(Fig. 10-1). Surmounting the first energy barrier results in cleavage of the 
carbon-chlorine bond and formation of the unstable tert-butyl carbocation. 
Addition of water to this intermediate in the more rapid second step leads to 
the product. The second transition state is shown with partial bond formation 
to the nucleophile. By convention, the rapid proton loss (to solvent in this 
case) at the end of a reaction sequence is normally not included in the energy 


profile diagram. 
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FIGURE 10-1 
Energy profile = CUM an 
diagram for the 2 Nt 


Syl reaction of Е он, 
2-chloro-2-methyl- 

propane with 

water showing я » 
the proposed (СНз)зС* «Cr 


configurations of ЕЛ! 
each transition 


state. (CH3)3CCl 


Energy —> 


(СНз)зСОН + H* 


Reaction coordinate ————» 


PROBLEM Redraw Fig. 10-1 so as to include the final proton-transfer step. 
10-1 


PROBLEM Explain the observation that the rate of the Sy1 reaction of many RX 
10-2 derivatives is retarded by the addition of X". 


PROBLEM The rate of formation of tert-butyl ethyl ether from the reaction of 
10-3 2-bromo-2-methylpropane (tert-butyl bromide) with ethanol does not 


increase if the better nucleophile sodium ethoxide is added. Explain 
this observation. 


(СНз)зСВх + (С:Н;ОН or C,H;O-Nat) —> (СНз): СОСН; 


D. The 5м2 Mechanism 


In contrast to the reaction of 2-chloro-2-methylpropane considered 
above, chloroethane does not react rapidly with neutral water. However, if 


sodium hydroxide is added to the reaction mixture, hydrolysis proceeds to 
give ethanol. 


CH;CH;Cl + но:- №0, сн,сн.он + :@:- 
СНогое папе Ethanol 
(Ethyl chloride) 


The rate of reaction depends on the concentration of both haloalkane 
and hydroxide in this example. The kinetics are second-order— first-order in 
each reactant. 


PROBLEM 
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Rate = Kj[CH3CH;CIJ[HO ] 
А one-step, concerted mechanism is proposed for this reaction and des- 
ignated as Sy2: substitution, nucleophilic, bimolecular. 
HO: + вена — CH,CH,OH + :@:- 


Reactions which proceed by an Sy2 mechanism are called Sy2 reactions. 
The carbon atom at which substitution takes place is fully bonded to three 
substituents and partially bonded to the entering and leaving groups at the 
transition state of an Sy2 reaction (Fig. 10-2). 


The reaction of benzyl bromide (a-bromotoluene) with the nucleo- 
philic azide ion (№) follows the Sy2 pathway. 


C;H;CH,Br + NaN; —9 СьН5СН»Мз + NaBr 


a Write the expected rate expression for the reaction. 
b How would the rate of reaction change if the concentration of azide 


were doubled? 
c How would the rate of reaction change if the concentration of both 


azide and benzyl bromide were doubled? 


Methods for investigating reaction kinetics have been extensively used 
to study the rates of nucleophilic substitutions. The results show quite clearly 
that Sy1 reactions are favored at a tertiary carbon atom and 52 reactions are 
favored at a primary carbon atom. In fact, the structure around the site of 
substitution of the substrate molecule is the major factor in determining the 
reaction mechanism. 


FIGURE 10-2 
Energy profile 
diagram for the 
Sy2 reaction of 
chloroethane 
with aqueous 
hydroxide 
showing the 
proposed 
configuration 
of the transition 
state. 


Energy ——— ——» 


CHsCHaCl + HO:7 


CH3CH20H +: G7 


Reaction coordinate ————> 
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The observation that Sy1 reactions are favored at tertiary carbons is con- 
sistent with the fact that tertiary carbocations are more stable than are second- 
ary or primary carbocations (Sec. 7-4B). Conversely, 52 reactions are favored 
at primary carbons because the increase in crowding associated with the tran- 
sition state in this concerted process is less restrictive than it would be for 
secondary or tertiary substrates. In Sec. 10-3 we will consider a variety of 
structural and reaction variables which influence the pathways of nucleo- 
philic substitutions at saturated carbon atoms. 


Stereochemistry of Nucleophilic Substitution 


Nucleophilic substitution at a saturated carbon is the first reaction we 
have encountered in which one substituent on a tetracoordinate carbon atom 
is replaced by another. The stereochemical consequences associated with 
bond breaking and bond making at an asymmetric carbon atom can be quite 
different for Sy1 and Sy2 reactions. Therefore, stereochemical outcome is 
often used to identify reaction mechanisms. 

One begins with an optically active compound and then determines 
what changes in configuration, if any, take place when reaction occurs at the 
asymmetric carbon atom. Three stereochemical pathways are possible: reten- 
tion, inversion, or racemization (Fig. 10-3). 

Retention of configuration occurs when the nucleophile assumes the 
original position of the leaving group. 

Inversion of configuration occurs when the nucleophile assumes a posi- 
tion on the side of the asymmetric carbon atom opposite from the original 
position of the leaving group. 

Racemization is the result of equal amounts of retention and inversion. 


The Sy2 Reaction 


Bond making and bond breaking take place at the same time in reactions 
which proceed by the 52 mechanism. A transition state, but no intermediate, 
is involved. Reactions usually show a high degree of stereoselectivity with 
inversion of configuration predominant. 


FIGURE 10-3 
Potential stereo- 
chemical path- 
ways for 
nucleophilic 
substitution 

at saturated 
carbon. 


КА X. 
Na Po 4L Yep posee ай ul Rear 
УЛ и 
7 ГА 
ox 
№:-+ Ус Nu—c—Y AL: Inversion 
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Z д 
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Nae oe Ya L С Nu + Nu—c“Y gne Racemization 
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Equal amounts 


10-2 Stereochemistry of Nucleophilic Substitution 323 


The fact that Sy2 reactions result in inversion can be rationalized on a 
very simple basis. Approach from the side opposite the leaving group mini- 
mizes steric interactions between entering nucleophile, the leaving group, 
and the other three groups bonded to the central carbon atom. We can visual- 
Pn process whereby the molecule inverts like an umbrella turning inside 
out. 


* X ^ ^ 
Ми: + YS ——› Nu 5 ма И т: 
Z 1 7) 


Transition state 


Five pairs of electrons are interacting with the same carbon atom at the 
transition state. Even though this is not a stable configuration for the carbon 
atom, we expect that simple rules for predicting molecular geometry should 
still be valid. The valence shell electron-pair repulsion principle (VSEPR; 
Sec. 2-7B) states that the electron pairs (bonds and unshared pairs) in the 
valence shell of an atom try to arrange themselves in space so as to minimize 
electron—electron repulsion. The five electron pairs about the central carbon 
atom will move as far apart as possible in attaining the geometry of the transi- 
tion state for an 542 reaction. 

A rather clever experiment was used to demonstrate inversion in the 
Sy2 process. When optically active 2-iodooctane is allowed to react with io- 
dide in acetone solvent, the substrate slowly loses optical activity. The loss of 
optical activity is a second-order process and a specific rate constant ka can be 
determined. 

A similar reaction, run under identical reaction conditions, employs ra- 
dioactive iodide (12817) as the nucleophile. This second experiment permits 
the rate constant for the exchange of iodide for radioactive iodide, k, the 
chemical reaction, to be determined using radioactive counting methods. The 
specific rate constant for the chemical reaction is found to be exactly one-half 
of the rate constant for the loss of optical activity; that is, К./К, = 2. 

How do these experimental results support an inversion process? When 
one molecule of 2-iodooctane reacts with iodide in an inversion process, its 
enantiomer is produced. The optical rotation becomes equal, but opposite in 
sign, to that of an unreacted molecule (Sec. 6-5A). The optical rotation of a 
product molecule exactly cancels the rotation of an unchanged molecule. 
Thus reaction of one molecule accounts for cancellation of the optical rota- 
tion of two molecules. Optical activity is lost twice as fast as the iodide ex- 


change reaction takes place. 


CH, 128] 


и He 
CHs(CHa)s Ser + Г —> CH;(CHa)s—Cacy, +Г 
H 


(S)-2-lodooctane (R)-2-lodooctane-!*1 


(S)-2-Iodooctane + (R)-2-lodooctane-!**1 
(Unreacted) (Reacted) 


Racemic 
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PROBLEM 
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What would the value of the ratio k,/k, have been if the reaction of 
2-iodooctane with iodide had proceeded through an achiral intermedi- 
ate by a racemization stereochemical course? 


Although the reaction of 2-iodooctane proceeds by an inversion mecha- 
nism, the optical rotation of an actual reaction mixture goes to zero but 


never inverts its sign of rotation. Explain this experimental observa- 
tion. 


Another example of inversion stereochemistry in an Sy2 reaction is the 
stereochemical cycle involving 1-phenyl-2-propanol. The optically active alco- 
hol is stereospecifically converted to its enantiomer through a multistep se- 
quence of reactions (Fig. 10-4). The first step, formation of the p-toluenesul- 
fonate ester (a tosylate), and the third step, hydrolysis of the acetic acid ester, 
do not involve reaction at the asymmetric carbon atom (Sec. 9-2). No change 


FIGURE 10-4 

А stereochemi- 
cal cycle for the 
Sy2 reaction. 


Q 

S N 

1 Fe C-O-H He a-so-{ см, шщ 
CH,CH; See 


(S)-1-Phenyl-2-propanol p-Toluenesulfonyl 
а = 433.0? chloride 
CH, Z 
BSCE ots + C | 
C,H;CH; * с 
H 
(S)-1-Phenyl-2- 
propyl tosylate 
а = +31.1° 
СН; о CH. 
m He Acetone ү is па 
2 СН,СО,К + —C—OTs oo CH,CO—C-AH + KOTs 
G,H,CH; CH,C,H; 
(R)-1-Phenyl-2- 
propyl tosylate 
а = —7.06° 
me FH HO Ly KH 
з KOH + CH C-O— cH = CH,COK + HO—C—H 
CH,C,H, CH,C,H; 
(R)-1-Phenyl-2-propanol 
а = —32.2° 


*— ОТ: = —OSO,C,H,CH,-p. 
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in configuration occurs in these two steps although the magnitude and, in the 
third step, the sign of rotation change. 

Only in the second reaction, substitution of acetate for tosylate, do bond 
breaking and bond making take place at the asymmetric carbon atom. Since 
the total process, steps 1, 2, and 3, proceeds with inversion of configuration, 
the stereochemical course of step 2 must be inversion. 


PROBLEM Briefly account for the stereochemistry of the following reaction se- 
10-7 quence. 


H 
SLE hib NaN, HCC- сн, 1) LiAIH,/Et,O 
Ld Acetone a ec 
C,H; INEN-N: 


2) H,O* 


(R)-1-Chloro-1-phenylethane (S)-1-Azido-1-phenylethane 


H, 
HCC cH; 
NH, 
(S)-1-Amino-1-phenylethane 


B. The Syl Reaction 


Reactions that proceed by the Sy1 mechanism involve carbocations as 
intermediates. In Sec. 5-1E we learned that the three bonds connected to a 
carbocation lie in a common plane. A nucleophile may approach the central 
carbon atom from either side with equal probability. Thus, an Syl reaction of 
an optically active compound in which substitution occurs at the asymmetric 
carbon might be expected to produce only racemic product. 

Racemization is observed in some Sy1 reactions, as in the reaction of 
compound A below with methanol. In this example, the methanol serves as 
solvent and nucleophile. Substitution by solvent is often referred to as sol- 


volysis (Sec. 10-3E). 


pci icu ОШОН, POI HER iere n Go, p.CIGH,CHOCH, 
CH; C.H; C Hs 
A Achiral intermediate Racemic 
Optically active 


PROBLEM Provide a step-by-step mechanism for the above reaction. 
10-8 


However, racemization is not the only stereochemical course observed 
for 51 reactions. In fact, it is more common for unimolecular substitutions to 
proceed with varying degrees of inversion and racemization. 


326 Nucleophilic Substitutions at Saturated Carbon 


à OCH; 
CH;CHCH; ‘нь C,H,CHCH; 
1-Bromo-1-phenylethane 1-Methoxy-1-phenylethane 
(Optically active) (27% inversion, 73% racemization) 
ii OC;H; T 
CH,(CH,),CHCH, СОНИН, сн (CH,),CHCH, + CH,(CH,),CHCH, 
2-Bromoheptane 2-Ethoxyheptane 2-Heptanol 
(Optically active) (74% inversion, (68% inversion, 
26% racemization) 32% racemization) 


How can we account for this variable stereoselectivity in the Sy1 reac- 
tion? Consider the carbocation intermediate. The ion is not really “free”; it is 
surrounded by solvent (solvation) as well as the leaving group and possibly 
even the nucleophile. 

Lifetimes of carbocations will vary depending on the groups to which 
they are bonded and the environment in which they are generated. Some 
carbocations will have lifetimes sufficient to become symmetrically solvated 
by the excess of solvent molecules in the reaction medium. Formation of a 
bond from the nucleophile-solvent to the carbocation is then expected to take 
place with equal probability from either side of the molecule. Products origi- 
nating from such symmetrically solvated ions will be racemic (Fig. 10-5). 


асана Ж in C HA снон ” © Cds JH н, 

асе: ва А A 2 "Bei- 

the Syl reaction. C—Br + СНОН —*—> о Е О. +: Br 
p-CICH, CH, сонун 


Symmetrically solvated carbocation 


|=н» 


„H C.H. H, 
CH,O—C—CoHs + 76 OCH, 


p-CIC,H, »-CIC;H, 
Racemic product 
Very short lived carbocations do not have lifetimes sufficient for them to 


become symmetrically solvated, and instead exist as unsymmetrically sol- 
vated ions. The leaving group crowds one side of the molecule, so that the 


PROBLEM Account for the stereochemical course of the following reaction: 
10-9 В; Si 


CH,CCH,CH,CH, Онон, CH,CCH,CH,CH, 


H,CH, CH,CH, 
Optically active Racemic 
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FIGURE 10-6 
Inversion in the 
Syl reaction. 


PROBLEM 


10-10 


10-3 


H, H, n-C4H,,,H 

i A y 

n-C;H;; ~C—Br + CH,OH Канони 20 ОК Bri” 
CH, CH. сн, 


Unsymmetrically solvated 
carbocation 


[cH 


CH,O—C* п-С5Ни 
CH; 
Inverted product 


nucleophile preferentially approaches from the opposite side. The result is 
inversion in the unimolecular process (Fig. 10-6). To the extent that both proc- 
esses occur, the stereochemical course of Sy1 reactions will vary from race- 
mization to inversion. 


Account for the observation that 1-bromo-1-phenylethane reacts with 
methanol to give product with 27 percent inversion, while reaction 


with sodium methoxide in methanol produces 100 percent inverted 
product. 


The Variables in Nucleophilic Substitution 


Many factors influence the course of nucleophilic substitution at a satu- 
rated carbon atom. The substrate and nucleophile have their individual reac- 
tion characteristics. Reaction medium (solvent) and conditions (temperature, 
concentration, etc.) can often determine the distribution of products as well as 
the mechanism. In this section we will consider the variables and see how a 
balance of effects controls the overall reaction. 


. The Leaving Group 


In both the 51 and the 52 mechanisms, the leaving group departs with 
its bonding electrons. We encountered this same situation in our considera- 
tion of nucleophilic substitution reactions at the carbonyl group (Sec. 9-1). We 
saw that the better leaving groups are better able to accommodate the original 
bonding electrons. 

The good leaving groups of the carboxylic acid family are good leaving 
groups when attached to a saturated carbon atom also. We again find that 
good leaving groups are the conjugate bases of strong acids. Remember that 
a poor leaving group may be converted to a good leaving group by a simple 
reaction such as protonation. For example, alkoxide and hydroxide are poor 
leaving groups, but on protonation they become a part of the good leaving 
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groups alcohol and water (Sec. 9-1B). The most important leaving groups are 
the conjugate bases of acids with pK, values below 5 (Table 10-1). 
TABLE 10-1 Relation of Leaving-Group Ability to the Acidity of 
the Conjugate Acid 
pK, of 
Leaving Group Conjugate Acid 
T 
Br 
©, aly Good 
(Cis) е 
њо 
= | PCHSCIHISOs 
Е | CF;CO7 0:2 | 
a | HoPO; 2 | 
8 | сн.со; 4.8 
А о о HOIINVISRUO 311 1013 ll —— 
2 |сч- 91 
> 
S | NHs 9.2 Fair 
2 C6H507 10 leaving 
Е RNH;, ВМН, RN 10 groups 
5 CH;S~ 10.6 
a —————————————————————— 
HO^ 15.7 Poor 
leaving 
CH307 15 groups 
МН; 36 Very poor 
A leaving 
* СН; 49 groups 


PROBLEM 
10-11 


Arrange each of the following sets of ions in decreasing order as leav- 
ing groups in nucleophilic substitution. 


a H,O, cu )-son C ол )-e- 


b НУ, Cl-, Br-, CH,COz, HO- 


PROBLEM 


10-12 
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Suggest an explanation for the following results: 


(CH,),COH + NaCl 422, no reaction 


(CH,),COH + Naci OCL, (eg) cc 


B. The Nucleophile 


Addition of the nucleophile takes place after formation of the carbocat- 
ion in reactions that proceed by the Sy1 mechanism. Therefore, the nucleo- 
phile does not influence the reaction rate of an Sy1 reaction. By contrast, the 
532 mechanism requires participation of the nucleophile. The nucleophile is 
often said to displace, or push off, the leaving group. Nucleophilicity of the 
reagent is extremely important in the S42 reaction. 

We would expect good nucleophiles to be good electron donors, i.e., 
good Lewis bases. Nucleophilicity and basicity do correlate in many cases. 
Their relation is most useful for comparison of a series of compounds in 
which the same atom is the nucleophile. For instance, the oxygen nucleophile 
may be encountered as the reactive portion of an alcohol or a phenol. The 
alcohol will be the better nucleophile because resonance delocalization of the 
oxygen electrons in the phenol reduces their availability. This was the same 
rationale we used to account for acid-base characteristics of alcohols and phe- 
nols. 

A similar type of relation is found for nucleophiles along a row of the 
periodic table. The nitrogen atom is more nucleophilic than an oxygen atom 
in a series of similar compounds. Again, this is a result of the greater availabil- 
ity of an electron pair for bonding from the less electronegative nitrogen atom 
(Table 10-2). 


TABLE 10-2 Relation of Nucleophilicity to Basicity for 
Atoms in the Same Row of the Periodic Table 


N-atom O-atom Nvs.O 
Nucleophiles Nucleophiles Nucleophiles 
HN: CHO:- HjN:- E 
ae C,H;NH, HO:- HO:- 8 
ae е RNA wE м 
о A HN СНО HN: В 
како: js а 
A 3 | Сени, CH,CO; HO: d 
p-NO,C,H,NH, H,O: a 
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PROBLEM 
10-13 


PROBLEM 


10-14 


Discuss the order of nucleophilicities indicated in each of the columns 
of Table 10-2. 


Many nucleophiles are anions, but some anions are not nucleophiles. 
Explain why BF; is not a nucleophile. 


Correlation of nucleophilicity with basicity is useful but not exact. Two 
different kinds of reactions, normally in different solvents, are being com- 
pared. Basicity is an equilibrium phenomenon which measures the position 
of equilibrium of a reagent with a proton, usually in water. Nucleophilicity 
involves the rate of reaction (kinetics) with a carbon atom, usually in non- 
aqueous solvents. 

The basicity-nucleophilicity correlation is not useful for comparison of 
atoms down a family of the periodic table. As atomic number increases, nu- 
cleophilicity increases and basicity decreases (Table 10-3). 


TABLE 10-3 Relation of Nucleophilicity to Basicity 
Commonly Observed for Atoms in Same Family of the 


Periodic Table 
Group V Group VI Group VII 
Nucleophiles Nucleophiles Nucleophiles 
2 | ВР RS:- i 
wg " ue i 
22| RN: RÖ:- T1 Br 
kii E = t SU 
2S En js 
$9 Cl: 9.5 
as ES a 
e Eas 


The outer electrons of the larger atoms are diffused over greater volumes 
than are those of smaller atoms. The less-localized electrons form weaker 
bonds to a proton, and the atoms are less basic. However, the outer electrons 
of the larger atoms are also less tightly held by the nucleus. They are more 
polarizable and are more available for forming bonds to a carbon atom; they 
are more nucleophilic. Table 10-4 summarizes the reactivities of a series of 
nucleophiles from different families of the periodic table. 

Bisulfite ion shows the rather interesting dependence of basicity and 
nucleophilicity on the atoms within a single ion. Charge is delocalized over 
the oxygen and sulfur atoms. The more basic oxygen atom typically reacts 
with a proton, and the more nucleophilic sulfur atom reacts at a carbon atom. 
The bisulfite addition product from an aldehyde illustrates that difference. 
Ions in which charge is delocalized so that reaction can take place at two 
different atoms are known as ambident ions. 


PROBLEM 
10-15 
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Ht | 


TABLE 10-4 Relative Rates of Nucleophilic Substitution (Sy2)* 


Nucleophile Е, (rel) Nucleophile к, (те!) 
CH;OH 1t CHsSH 5x10 
Е 5х 10? C&HsO^ 5.6 x 10° 
CH3CO; 2 x 10* № 6х 10° 
Gi 2.3 x 10* Br- 6 x 10° 
(CH3O);P 1.6 x 10° CH30^ 2 x 10° 
/ N CN^ 5 x 106 
N 1.7 x 10° (GH:),NH 1x10 

NH, 3.2 x 10° (CoHs)sP 1x 10” 
5 IF 2х 107 

(CH3)2S 3.5 x 10 vi 5 
Сан, 5x30 C4HsS 8 x 10 


* For the reaction Nu: + CHI MEE Nu—CH; 


+ Methanol arbitrarily set as standard. 


Explain the difference in positions of reaction by sulfite anion in the 
examples below. 
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The size and shape of a reagent is another variable associated with nu- 
cleophilicity. When a Lewis base interacts with a proton, steric considerations 
are not normally important because the proton is small. However, approach 
of the same reagent to a tetracoordinate carbon atom can involve severe steric 
interactions. 

The important oxygen anions methoxide and tert-butoxide are illustra- 
tive. They are of similar basicity, being the conjugate bases of aliphatic alco- 
hols. Methoxide, however, is a small species which can easily approach a 
carbon atom during nucleophilic substitution. In contrast, fert-butoxide is 
very bulky, so that steric restraints reduce its ability to function as a nucleo- 


phile. 
H 
RR 
н к ү 
m * .. 
ка pad is нй йы it 
H 
H C 
^ | 
PANT 
Methoxide tert-Butoxide 


PROBLEM Indicate which reagent in each pair is expected to be more nucleophilic 
10-16 toward CH;Br in ethanol. 


а (CH,,B or (CH,),P f n-C,HO- ог t-C,H,O- 
b CH,OH or C,H,O- gH,N or H,N 


c CH,NH, or (CH,),NH 
d p-NO,C,H,O- or p-CH,C,H,O- . P (СНЫ: or ( V 


e CH,OH or CH,SH 


PROBLEM Provide an explanation for the order of reactivity when each of the 
10-17 following compounds reacts with iodomethane (methyl iodide) to give 
a methylpyridinium iodide product. 


SS SS 
О-о 

N^ Nf 1- 
tu, 
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CH, 
САС 
№ N^ N^ CH, 
Relative 


rate 23 1. 


0 0.5 
ESEI 
H,C УМ CH, “№ ~C(CH,), 


0.04 0.0002 


C. The Site of Substitution 


In Sec. 10-1D we learned that the structure around the site of substitu- 
tion is the major factor in determining reaction mechanism. Syl reactions are 
favored at a tertiary carbon atom and 5,2 reactions are favored at a primary 
carbon atom. Comparison of rate constants for solvolytic reactions (first- 
order) shows an increase of 10° in passing from primary to tertiary substrates 
(Table 10-5). Rate constants for second-order substitution reactions decrease 
by >10° as the number of alkyl groups surrounding the reaction center in- 
creases (Table 10-6). Let us see how the mechanistic descriptions of the two 
pathways can account for the observed structure-reactivity effects. 


TABLE 10-5 Effect of Structure on the Relative 
Rates of First-Order Substitution Sy1* 
каөз UAE шш шш 


Е k, (rel) 

CH3— 1 
CH3CH;— 1 
(CH3)2CH— 12 


* For the reaction R—Br + HO —> ROH. 


TABLE 10-6 Effect of Structure on the Relative 
Rates of Second-Order Substitution Sy2° 
Каі оі Бере 


R К, (rel) 
Сн 30 
CH3CH;— ji 
R'CH;CH;— 0.4 
(СНз)>СН— 0.002 
(CH3C— 0.001 
(СНз): ССН:— 0.00001 


A ee 2 .————— 
* For the reaction R-X + Nu: —> R—Nu. 
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Consider the Sy1 reaction. We proposed that substitution by the Sy1 
pathway requires formation of a carbocation as the initial, rate-controlling 
step. Recall that the rate of a reaction is dependent on the free energy of 
activation (AG?) of the rate-controlling step (Sec. 5-2E). Since only a sinall 
change in configuration of the atoms takes place between the transition state 
and the cationic intermediate (Fig. 10-1), it seems reasonable that the transi- 
tion state leading to the most stable intermediate would be of lower energy 
than that leading to a less stable intermediate. 

In Sec. 7-4B we learned that a tertiary carbocation is relatively more 
stable than a secondary carbocation, which is more stable than a primary 
carbocation. This result was attributed to stabilization of the positive charge 
because of the electron-donating effect of alkyl groups on the cationic carbon 
atom. For the Sy1 reaction, this corresponds to a tertiary carbocation being 
formed more rapidly than a secondary or primary carbocation. 


(СНз)зСВг —> (CH;);C* + Вг". Favorable 
CHBr —> CH,* + Br- Unfavorable 


The carbocation intermediates of Sy1 reactions also benefit from delocal- 
ization of their positive charge into adjacent unsaturated groups. Thus the 
2-propenyl (allyl) group undergoes Sy1 reactions more rapidly than does an 
ethyl or a propyl group. Aryl groups are even better at stabilizing an adjacent 
carbocation and the transition state leading to it. The influence of various 
hydrocarbon groups on the relative rates of ethanolysis for a series of sub- 
strates is illustrated in Table 10-7. 

Carbocations connected to heteroatoms possessing nonbonded elec- 
trons are particularly well stabilized. Thus the reaction of 1-chloro-2- 


TABLE 10-7 Effect of Carbocation 
Stability on the Relative Rates of 
First-Order Substitution Sy1* 


R k, (rel.) 
CH,CH,— 12 x 107 
CH,—CH—CH,— 0.04 
C;H,CH;,— 0.08 
CH,CH— 1 

cH, 
(CH3);C— 1 
(C;H,CH— 300 
(C4H,,C— 3 x 108 


* For the reaction R—CI + C,H,OH 9H, ROC. H, + HCI. 


 tert-Butyl arbitrarily taken as standard. 


PROBLEM 
10-18 
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oxabutane with ethanol proceeds at a rate over 10° faster than the similar 
reaction of the tertiary haloalkane 2-chloro-2-methylpropane. 


CH,CH,OCH,Cl + C,H,OH 20%, cH,CH,OCH,OCH,CH, + HCI 
1-Chloro-2-oxabutane 

(Chloromethyl ethyl ether) 

The effect is explained by the assumption that electron pairs of the oxy- 
gen atom are delocalized by the carbocation. Resonance stabilization ac- 
counts for the relatively favorable carbocation formation in the rate-control- 
ling step. 

CH,CH,O—CH, 
CH,CH,OCH,LC1: — Cle 


+ 


CH,CH,O=CH, 


a Propose a mechanism to show why the hydrolysis of 1-chloro-2-aza- 
2-methylpropane (chloromethyldimethylamine) is very rapid. 


b Account for the fact that a-chloroamines hydrolyze even more rap- 
idly than the related a-chloroethers. 


Stabilization by groups at the reaction center plays a part in the Sy2 
mechanism (Table 10-8), but not nearly as spectacular a one as we have seen it 
play in 51 reactions. This is reasonable since charge formation is not an 
important part of the rate-controlling step in S2 reactions. 

Some electronic effects are observed because bond breaking and bond 
making do not necessarily occur to exactly the same extent at the transition 
state of an Sy2 reaction. Electron-donating groups сап aid in “loosening” the 
bond to a leaving group by stabilizing any partial positive charge which devel- 
ops on the carbon atom. Of course, when this loosening effect becomes large, 


the mechanism changes to 5№1 (Sec. 10-3E). 
Nu&- - хае 
| 
TABLE 10-8 Electronic 


Effects on the Relative 
Rates of Second-Order 


Substitution Sy2 

R к; (rel) 
CH3CH?— 1 
CH;—CH—CH;— 40 
CH3CO;CH;— 100 
CsHsCH2— 120 


CH;0CH,— 400 
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PROBLEM 


10-19 


PROBLEM 


10-20 


Steric factors are particularly important for reactions that proceed by the 
Sy2 pathway. Bond formation by the nucleophile is а part of the rate-control- 
ling step. As the nucleophile approaches the reaction center, crowding in- 
creases. The pentacoordinate transition state is sterically more hindered than 
the initial substrate. Primary reactants in which this crowding is minimized 
are therefore most favorable for 52 reactions. The approach of a nucleophile 
from the back side of a tertiary carbon atom is sterically quite hindered. 


ai 
H rs 
1: Heeb gD © ПА 
C Nba 
H* C 


/ 
Ni Hen 


Crowding may affect 5,2 reactivity even when the large groups are not 
directly connected to the reaction center. The neopentyl (2,2-dimethylpropyl) 
substrate, in which substitution takes place at a primary carbon atom, also 
exhibits the effects of steric hindrance and reacts even more slowly than does 
tert-butyl. A model of the neopentyl group shows that the approach of the 
nucleophile from the back side is severely hindered by three B-methyl 


groups. 


1-Halopropanes undergo the S42 reaction only about 40 percent as fast 
as haloethanes. Draw three-dimensional diagrams to account for these 
results. 


a Arrange the following compounds in order of decreasing reactivity 
in Syl solvolysis: (p-CH;OC;H,),CCI, 2-chloro-2,3-dimethylbu- 
tane, 2-chloro-propane, 3-chloro-2-methylpropene, chlorodiphenyl- 
methane. 


b Arrange the following compounds in order of decreasing reactivity 
toward substitution by iodide ion in acetone (552): 2-chloropropane, 
chlorophenylmethane, 1-chloro-2,2-dimethylpropane, chlorometh- 
ane, chloromethyl methyl ether. 


PROBLEM 


10-21 
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Solvolysis of A in aqueous ethanol proceeds about 600 times faster than 
the comparable reaction of tert-butyl chloride. Consider steric factors 
to explain this rate enhancement. 


CH, 


| 
[(CH,);CCH,],CCI 
A 


Reactivity may be affected by conformational factors (Sec. 6-3) when the 
saturated carbon atom at which substitution takes place is part of a cyclic 
compound. Substitution on three- and four-member carbocycles is generally 
slower than on their acyclic analogs. The Sy1 and Sy2 processes both further 
increase the already strained bond angles of these small rings. 

Substitution on five- and six-member rings reflects a subtle balance be- 
tween conformational factors. In five-member rings reaction by the Sy2 path- 
way proceeds at a rate comparable with that of the secondary carbon, open- 
chain standard, isopropyl. However, Syl reactions of these carbocycles are 
more rapid than those of the isopropyl counterparts. Departure of the leaving 
group and opening of the bond angle toward 120° reduces nonbonded inter- 
actions within the rings; hence the rate-controlling ionization step is favora- 
ble. 

Reaction rates of six-member rings also show a dependence on the sub- 
stitution mechanism. The ring is essentially strain-free, so that formation of a 
carbocation (51) does not change the rate. Approach of the nucleophile in an 
Sy2 reaction increases nonbonded interactions so that bimolecular reactions at 
a ring carbon atom are slower than those on acyclic systems. 

The medium rings (7-10 members) react by the Su2 mechanism at rates 
similar to those of open-chain compounds. However, the unimolecular mech- 
anism is usually faster than with acyclic analogs, since departure of the leav- 
ing group relieves some of the intramolecular nonbonded interactions. 
Figure 10-7 summarizes the average substitution rates for cycloalkyl deriva- 


tives relative to isopropyl. 


FIGURE 10-7 
Relative substitu- 
tion rates of 
cycloalkyl 
derivatives. 
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D. Solvent Effects 


PROBLEM 
10-22 


The nucleophilic substitution reactions that we have been considering 
are heterolytic processes which usually take place in solution. Charges are 
formed, destroyed, or dispersed during the progress of each reaction. Dipolar 
interactions of the reaction medium with reactants, intermediates, and even 
transition states can influence the rates of reaction. 

Solvent polarity, usually measured by the dielectric constant (Table 
10-9), is an indication of how well the reaction medium can accommodate 
charged species. Reactions that proceed by the Sy1 mechanism are more 
favorable in polar solvents because formation of a carbocation is the rate- 
controlling step. For example, the rate of solvolysis of 2-bromo-2-methylpro- 
pane (tert-butyl chloride) increases more than a thousandfold as the reaction 
medium is changed from ethanol to the more polar solvent water (Table 
10-10). 


TABLE 10-9 Dielectric Constants and Relative Polarity of Common Solvents 


Dielectric 
Constant 
Protic (Debye) at 25°С  Aprotic 
Polar H0 81 
il HCO;H 59 
45 (CH3;SO 
38 CH3CN 
5 37 HCON(CHs)2 
Hd CH3OH 38 
E 30 [(СНз)>МзРО 
E CH3CH;OH 24 
S 23 (СНз)>СО 
Р (CH3)CHOH 18 
| (CH;);COH 1 D 
i ia 
CH3CO;H 6 
4 (С>Н5)›О 
2 n-CsHi2, CéHe, CCla 
Nonpolar 


Solvent affects the rate of a reaction by changing the activation energy, 
that is, by changing the relative energy levels of reactants and transi- 
tion states. Consider the hydrolysis of 2-methyl-2-bromopropane in 


ethanol-water. Draw energy versus reaction-coordinate diagrams for 
this reaction in 70% H,O-30% EtOH and in 30% H,O-70% EtOH. Use a 
common graph for the diagrams in order to compare energy relations. 


PROBLEM 
10-23 
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TABLE 10-10 Relative Rates of Solvolysis 
of 2-Methyl-2-bromopropane as Solvent 
Polarity Changes (Ethanol Arbitrarily set 
as Standard) 


Solvent Relative Rate (55°С) 
100% H20 1200 
50% Н2О-50% С>Н5ОН 60 
40% Н›О-60% СНОН 29 
20% Н›О-80% С2Н5ОН 10 
100% C,;H;OH 1 


The solvolysis of optically active 1-bromo-1-phenylethane with metha- 
nol (methanolysis) proceeds with 27 percent inversion, whereas similar 


solvolysis with water (hydrolysis) results in only about 17 percent in- 
version. Account for the effect of solvent on the reaction stereochemis- 


try. 


Solvent polarity also has an influence on reactions that proceed by the 
S2 mechanism. Charges may be created, destroyed, or dispersed as the reac- 
tion proceeds toward the rate-controlling transition state. Three kinds of vari- 
ation in charge are common for 542 processes: 


1 If the substrate is neutral and the nucleophile is charged, dispersal of 
charge occurs at the transition state. Decreasing solvent polarity favors the 
reaction. 

2 When both substrate and reactant are neutral, charge is formed at the tran- 
sition state. A more polar solvent favors the reaction. 

3 Charge is destroyed when both the nucleophile and substrate possess for- 
mal charges. A decrease in solvent polarity is favorable. 


Generally, a large solvent effect is observed when a reaction involves charge 


formation or destruction, but in reactions in which there is charge dispersal 
effects are small. Effects of the medium on substitution reactions are summa- 


rized in Fig. 10-8. 


FIGURE 10-8 
Effects of the 
medium on the 
rates of nucleo- 
philic substitu- 
tion reactions. 


Effect of Increasing 


Mechanism Reaction Solvent Ionizing Power 


Syl R—L —> Rt +1:5 Large acceleration 
EA Nu:- + R—L КЕМ Г: Small deceleration 
Sy2 Nu: + В —> R—Nut-L:- Large acceleration 


52, №: - + R-L* — К-М№ + L: Large deceleration 
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PROBLEM Draw the rate-controlling transition state for each of the reactions of 
10-24 Fig. 10-8. Explain the change in charge that occurs. 


The role of solvent discussed above is a bulk medium effect; that is, the 
effect results from the influence of the total solvent environment on the reac- 
tion taking place. Specific reactant-solvent interaction on a molecular scale 
may also play a critical part in the reaction. Solvents such as alcohols can 
complex with cations and anions. The hydroxy oxygen atom functions as a 
Lewis base to complex cations, and the hydroxy hydrogen atom complexes 
anions through hydrogen bonding. A cation or anion is closely associated 
with numerous solvent molecules and is said to be solvated. Methanol and 
ethanol are polar solvents that can be a source of protons. They are typical 
polar-protic solvents which are used extensively in organic reactions. 


gx io ais. ы _ H—OR 
КО :-..-М.::-: ОК RO—H---:Nu:, a 
Н.Н 3 'H—OR 
HOR 
Cation solvation Anion solvation 
by unshared electron pairs by hydrogen bonding 


When a nucleophilic substitution reaction is carried out in a protic sol- 
vent, the nucleophile is solvated through hydrogen bonding. At least a part of 
this "solvation shell" must be removed if the nucleophile is to form a new 
bond to the substrate. The energy necessary to break the hydrogen bonds to 
solvent will be a part of the total activation energy. Solvent stabilization (sol- 
vation) of the reacting nucleophile increases the energy required to attain the 
reaction transition state. 


КОН... вх = 5- 

= Nu:- HOR —> ЗВОН + №:- X, Nu---R---X 
ROH’ AG AG" 
Hydrogen-bonded nucleophile Free nucleophile 


AG#ZAG’ + AG” 


Dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and 
hexamethylphosphoric triamide (HMPT) are common polar-aprotic solvents 
capable of dissolving organic compounds and also many salts. Though these 
polar solvents have the ability to solvate ions, they are not a source of pro- 
tons, thus do not form hydrogen bonds to anions or other Lewis bases. Nu- 
cleophiles are less solvated in these solvents and are more free to react. For 
example, the specific rate constant for the reaction of iodomethane with so- 
dium azide is increased by 100,000 when the solvent is changed from metha- 


PROBLEM 
10-25 


PROBLEM 
10-26 
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nol, a polar-protic solvent, to dimethylformamide, a polar-aprotic solvent. 
The solvents are of similar polarity. 


CHI + NaN, -  CH,N, + Ма! 


Iodomethane Sodium azide Azidomethane 
(Methyl iodide) (Methyl azide) 
Solvent k, L/m-s 
DMF 3x10? 
CH3OH 3 x 10-2 


Hydrogen bonding to solvent can even account for a change in the rela- 
tive reactivity of different nucleophiles. In dimethyl sulfoxide or dimethyl- 
formamide the order of halide reactivity is СГ > Вг” > I”, just the reverse of 
the order in the common protic solvents (Table 10-3). 

How does the solvent accomplish such a marked change in nucleophilic 
reactivity of the anions? The smaller chloride ion has a more-localized nega- 
tive charge, so it is more strongly hydrogen bonded than the iodide ion in a 
protic solvent. When the same reaction takes place in an aprotic solvent, 
hydrogen-bonding solvation is no longer important. Although both chloride 
and iodide become more free to react, the chloride ion gains a relatively 
greater degree of reactivity. 


Consider the heats of hydration of the halide ions. Relate the data to 
halide ion nucleophilicities in protic solvents. 


Х (gas) — X (HO) 
kcal/mol kJ/mol 


-117 —490 
—100 —418 
—78 —326 
—68 —285 


Chloride is a better nucleophile than bromide in a polar-aprotic solvent 
such as dimethylsulfoxide. How does that fact relate to the carbon- 


halogen bond energies? 


The reactivity of an anion is also enhanced by minimizing interaction 
with its associated cation. An application of this phenomenon involves use of 
molecules known as crown-ethers and cryptands to specifically complex ca- 
tions. The anion then becomes much freer to react. These new complexing 


342 


Nucleophilic Substitutions at Saturated Carbon 


agents are expensive, but they have given remarkable results when used in 
catalytic amounts for special applications. 


Е 
у 
Let Lg 


[18]-Crown-6 forms a favorable [2.2.2] ен forms a favorable 
complex with potassium cation complex with sodium cation 


The complexes shown above have been referred to as hosts and guests. The 
complexing agent is the host and the complexed ion the guest. Such complex- 
ing agents are of particular interest as models for those involved in the trans- 
fer of ions across the nonpolar membranes of biological systems. 


. Solvolysis 


We have discussed some important roles of the solvent in nucleophilic 
substitution reactions. In fact, once structures of the reactants are chosen so 
as to give a specific product, solvent probably is the major variable in control- 
ling reaction mechanism. 

In the previous section (Sec. 10-3D) we learned how solvent polarity can 
influence mechanism through its dielectric influence on charge distribution 
during the reaction sequence. We saw that specific solvation effects through 
hydrogen bonding and dipolar interactions can affect reactivity. 

We also learned (Sec. 10-2B) that solvent may be the nucleophile in the 
substitution reaction. Such reactions are known as solvolysis. A reaction in- 
volving water as nucleophile and solvent is hydrolysis while a reaction in- 
volving methanol as nucleophile and solvent is methanolysis. 

Common solvents are usually poor nucleophiles, thus solvolysis is most 
common for Sy1 reactions, where the nucleophile is not involved in the rate- 
controlling step and where solvation can stabilize a forming carbocation inter- 
mediate. Yet solvent is present in large excess relative to substrate, so that 
even its low nucleophilicity results in an 532 pathway for reactions that take 
place at a primary carbon atom. Solvolysis reactions at a secondary center, 
like all nucleophilic substitution reactions, will vary from Sy1 to Sy2 depend- 
ing on substrate structure and the solvent's properties. 

Kinetic investigation of a solvolysis reaction may not provide a clear 
picture of the mechanism. Since solvent is present in large excess, its concen- 
tration remains relatively constant during the reaction. Therefore, kinetic 
measurements only detect changes in substrate concentration. The kinetics 
become pseudo first-order even though the mechanism may be 52. 


Rate = k[Solv][Sub] = К [Sub] 


Е. 
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Syl Versus Sy2 


The descriptions of Sy1 and Sy2 reactions represent the extremes in 
timing of the bond-making and bond-breaking processes for substitution on a 
saturated carbon atom. In the Sy1 sequence the bond to the leaving group is 
broken before a new bond is formed by the nucleophile. Bond breaking and 
bond making are synchronous іп the S42 process. It should not be surprising 
that many reactions appear to fall between the two extremes. 

Some unimolecular reactions proceed with stereochemical inversion. 
The leaving group, though no longer covalently bonded to the reaction site, is 
close enough to force the nucleophile to the opposite side of the molecule. 
The process is kinetically Sy1, but the stereochemical course is that of an Sy2 
reaction. 

Many bimolecular reactions exhibit small polar effects due to groups on 
the reaction center. The effects are usually indicative of cationic character at 
the central carbon atom even though the covalent bond is not broken prior to 
attack by the nucleophile. The reactions are kinetically Sy2. 

Although structure is the major factor that governs the mechanism of 
substitution reactions, we have seen that leaving group, nucleophile, and 
solvent also contribute. Table 10-11 summarizes some of these characteristics 
for reactions that proceed by Sy1 and Sy2 pathways. 


TABLE 10-11 Characteristics of Syl and Sy2 Reactions 


s Sy2 
Mechanism Two-step One-step 
Rebs RY NMED В Ма s R-La Nurs R—Nu + L: 
Kinetics First order Second order 
Reagent nucleophilicity Unimportant to rate Rate-controlling 
Structure of saturated Resonance stabilization favorable Steric hindrance unfavorable 
carbon atom tert >> sec > pri CH; > pri > sec > tert 
Solvent effects Favored by ionizing (polar) Polarity effects usually small; H-bonding 
solvents solvents inhibit nucleophile 
Stereochemistry Racemization to inversion Inversion 
Reaction conditions Usually acidic or neutral Usually basic or neutral 


PROBLEM 
10-27 


The kinetic data obtained for the solvolysis of the secondary substrates 
2-bromopropane and 1-chloro-1-phenylethane have been mathemati- 
cally divided into Syl and Sy2 components. The ratios of these mecha- 
nistic types are indicated below in relation to the solvent system em- 
ployed. Discuss these results in terms of solvent and structural factors. 


344 


Nucleophilic Substitutions at Saturated Carbon 


Substrate Solvent Syl Sy2 
Br 80% ЕЮН-20% H,O 0.02 
CH,CHCH, 60% ЕЮН-40% H,O — 0.1 


а ЕЮН 02 
C,H,CHCH, MeOH 17 


10-4 Summary 


A large number of synthetically useful reactions fit into the classification 
of nucleophilic substitution at saturated carbon. Every reaction has this com- 
mon feature: a nucleophile replaces a substituent (the leaving group) on a 
saturated carbon atom. The scope of the reaction is broad because many rea- 
gents can function as nucleophiles toward a large variety of carbon com- 
pounds. 


Nu: + R—L —> R—Nu +L: 


The timing of the bond-breaking and bond-making processes that take 
place at the saturated carbon atom is variable. At one extreme is the Syl 
mechanism, a two-step process in which the rate-controlling step is initial 
departure of the leaving group. An intermediate carbocation is formed, and to 
it the nucleophile rapidly adds in a second step. 


RCL — Rt +-L:- 
м РВ R—Nu 


Reactions proceed by the Sy1 mechanism when carbocation formation is fa- 
vorable, i.e., when the carbon atom at which substitution occurs is tertiary or 
is attached to an electron-donating group. Ionizing solvents and good leaving 
groups also favor the Sy1 pathway. 

The 532 pathway lies at the other extreme. The nucleophile forms a 
bond to the saturated carbon atom at approximately the same time that the 
bond to the leaving group breaks. A concerted, one-step process occurs. 

Nu PRIL — R-Nu + L:- 
Reactions follow the Sy2 mechanism when the reagent is a good nucleophile 
and when the carbon atom at which substitution occurs is relatively unhin- 
dered. Many reactions proceed by pathways which lie between the Sy1 and 
Sy2 extremes and can be considered to be mixtures of the two mechanisms. 

The stereochemical course of substitution is a result of the reaction 
mechanism. A concerted Sy2 process proceeds with inversion of configura- 
tion at the saturated carbon atom. The Sy1 reaction exhibits a variable stereo- 
chemistry extending from racemization to a high degree of inversion. 


10-5 


10-28 


10-29 


10-30 
10-31 


10-32 


10-33 


10-34 
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Supplementary Problems 


The rate of substitution on chlorodiphenylmethane is essentially the same using am- 
monia or diethylamine as nucleophile. In contrast, substitution on 2-chloropropane is 
considerably faster with diethylamine than with ammonia. Account for the difference 
in reactivities of the two substrates. 


Draw three-dimensional structures for the four compounds involved in the conversion 
of (R)-1-deuterioethanol to (S)-1-deuterioethanol depicted below. Designate com- 
pounds X and Y as (К) or (5). 
CH,CHDOH 0:1, x GREEN, y MOHO , сн.снрон 
ne 
(в) (5) 


Provide an explanation for the observation that the cyclic ether tetrahydrofuran (THF) 
is considerably better for solvating Lewis acids than is diethyl ether. 


Account for the observation that a phenyl substituent promotes Sy1 reactivity even 
though it has an electron-withdrawing inductive effect (Table 7-2). 


When optically active A is hydrolyzed with aqueous acid, the alcohol B is racemic. 
Account for the stereochemical path of this reaction. 


Ha CH; 
(CH,),CH(CH,),—O,CCH, HO 5 (CH), CH(CHJ, C —0H + CH,CO,H 
CH; CH; 

A B 


The substitution on neopentyl tosylate by azide was carried out in three different 
solvents. In order to avoid working with the potentially explosive organic azide prod- 
uct, the reaction mixture was reduced and the recovered amine used for final analysis. 


(CH;),CCH,OTs + NaN, 59%" (СН) ССН, Ls НО (CH,),;CCH,NH, 
3 


a Account for the effect of a change in the solvent on product yield. 


Solvent Yield 
DONO Pie isa gl etsi 55 
85% MeOH-15% НО Trace 
HMPT 87% 


b When optically active 1-D-neopentyl tosylate was the reactant, the reaction in 
HMPT proceeded with greater than 98 percent inversion. Discuss this result in 
terms of reaction mechanism and the steric factors in the neopentyl group. 


1) NaN/HMPT 
(CHj,CCHDOTs танцо? (CH3,CCHDNH, 
3) H,O 

The rate of reaction of 2-halo-2-methylbutanes in aqueous methanol is different for 
halogen = Br, Cl, or I. However each substrate gives the same mixture of 2-methoxy- 
2-methylbutane and 2-methyl-2-butanol. | 

a Explain these experimental results and write the appropriate chemical equations. 
b Predict the order of the haloalkane reactivities. 
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10-35 Тһе conversion of optically active 1-chloro-1-phenylethane to 1-phenylethanamine can 


10-36 


10-37 


10-38 


10-39 


be carried out by the following sequence. Predict the stereochemical result at each step 
and for the overall sequence. 


а SH +5(CH,), I- 
( 1) C H,CHCH, EDO. CH CHCH, SM. C;H;CHCH; perium 
A B с 
М, NH, 
CoH CHCH, ОО. (+ -C,H,CHCH, 
D E 


Explain why the three-membered heterocyclic compound ethylene oxide (oxirane) is a 
very reactive substrate in acid-catalyzed nucleophilic substitution whereas the carbo- 
cyclic analog cyclopropane is relatively unreactive. 


The rate of reaction is the same when tert-butyl alcohol reacts with either HCl or HBr. 
However, if an equimolar mixture of HCl and HBr is used, tert-butyl bromide is the 
major product and tert-butyl chloride is the minor product. Explain these results. 


Provide a mechanism for the following reaction. 


C,H NUT. CO,H сень 
CO,CHC,H,OCH;-p —*—> CX + CH,OCHC,H,OCH,-p 
cx A 
COH 
Optically active Racemic 


Provide an explanation for each of the following experimental observations. 

a The optical rotation of a solution of (+)-2-phenyl-2-pentanol goes to 0° when the 
compound is boiled in formic acid. 

b The optical rotation of a solution of sodium bromide and (+)-2-bromopentane in 
acetone also goes slowly to 0°. The explanation is different from that of part a. 

с Azide (№5) is a weaker base than amide (H2N ). 

d When (R)-1-phenyl-1-bromobutane is allowed to react in boiling acetic acid, the con- 
figuration of the acetate product is different from that obtained when the reaction is 
carried out in acetone with sodium acetate, 

e The bicyclic compound 1-bromo[2.2.2. |bicyclooctane does not hydrolyze under Sy1 
or Sy2 conditions. 


Br 


1-Bromo[2.2.2]bicyclooctane 


f The trans isomer of 2-chlorocyclohexanol is converted to cyclohexene oxide by base, 


but the cis isomer is not: 
ео 


Cyclohexene oxide 
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10-40 For each of the following pairs, predict which reaction is faster. 


a (Da CHICO, ЗОНЫ oo 


а O,CCH; 


or LM + CH,COz ОН, wh 


b (CH,),CHCI + NH, LEL, (cH,),CHNH, 

or CH,CH,CH,Cl + NH, 909 , CcH,CH,CH,NH, 

H,O 

c (CH,),CBr + H,O 42°, (CH,),COH 

or (CH,),CHBr + Н,О 42°, (CH,),CHOH 
а C,H,CH,CHsBr + № 0, С,Н,СН.СН№ 

CH,OH $ 
or CjH,CH,CH,Br + (CH,P. SHO, c H,CHCH;PEIHS)s 


e (CH,),CHCH,Cl + CH,O- 29%, (CH,),CHCH,OCH, 


or (CHj,CHCHJI + CH,O- S59P., (cH,),CHCH,OCH, 


Е CH,CH,CH(CH,)CH,Br + C4H,O- #09, CH,CH,CH(CH,)CH,OC;H, 


or CH,CH,CH,CH,Br + C;H,O- S##°#, CH,CH,CH,CH,OC;H, 
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Nucleophile-Substrate Combinations 


Halide as the Nucleophile—Haloalkanes 
A. Haloalkanes from Alcohols B. Alternate Methods for Preparing 
Haloalkanes C. Halogenated Hydrocarbons and the Environment 


Competing Reactions 


Oxygen and Sulfur as the Nucleophiles—Alcohols, Ethers, and 
Sulfides 

А. Substitution by Water B. Substitution by Alcohols 

C. Substitution by Carboxylate D. Substitution by Sulfur 
Nucleophiles 


Nitrogen and Phosphorus as the Nucleophiles—Amines 

А. Substitution by Ammonia and Amines B. Substitution by 
Tertiary Amines C. Other Nitrogen Nucleophiles D. Substitution 
by Phosphorus 


Neighboring Group Participation 

Hydride, Nitrile, and Organometallic Nucleophiles 

A. Hydride as the Nucleophile B. Substitution by Cyanide 
C. Substitution by Organometallic Reagents 

Summary 

А. Nucleophilic Substitutions B. Nucleophilic Substitution 
Reactions 


Supplementary Problems 


An important part of learning organic chemistry is learning to recognize 
the structural changes that take place in various classes of organic reactions. 
In Chap. 8 we saw that a variety of nucleophiles add to the carbonyl group of 
aldehydes and ketones. The tricoordinate carbonyl carbon atom becomes 
tetracoordinate as the new nucleophile-to-carbon bond forms. 

When the carbonyl group is part of a compound in the carboxylic acid 
family, the initial nucleophilic addition is followed by departure of a leaving 
group originally bonded to the carbonyl carbon atom. The overall structural 
change is substitution of the nucleophile for the leaving group. The carbonyl 
group is retained (Chap. 9). Another way to describe reactions of the carbox- 
ylic acid family is to say that they involve acylation of nucleophiles; that is, a 
nucleophile replaces a leaving group originally bonded to an acyl group. 

The substitution reactions introduced in Chap. 10 and considered in 
detail in this chapter involve alkylation of a nucleophile. The nucleophile 
forms a bond to a saturated carbon atom from which a leaving group departs. 

Although nucleophilic substitution reactions at saturated and at unsatu- 
rated carbon are mechanistically quite different, they share characteristics 
common to nucleophiles and leaving groups. Recognition of those similarities 
between the two types of reactions as well as of the differences provides a 
connection that allows us to understand a wide spectrum of organic reactions. 


Nucleophile-Substrate Combinations 


We have encountered a variety of atoms and groups which function as 
nucleophiles. The major requirement is that they be Lewis bases, i.e., electron 
donors. Reactivity depends on the nature of the actual nucleophilic atom as 
well as the total structure of the nucleophile (Sec. 10-3B). Nucleophiles of low 
reactivity are suitable for the м1 reaction, since formation of a carbocation 
intermediate is rate-controlling. Almost any nucleophile will rapidly combine 
with this reactive intermediate once it forms. The Sy2 process requires a good 
nucleophile, one that will essentially “push off" the leaving group. 

The other partner in these nucleophilic substitution reactions is the sub- 
strate with its leaving group. We have seen that good leaving groups are the 
conjugate bases of strong acids (Sec. 10-3A). Common nucleophiles and leav- 
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ing groups involved in nucleophilic substitution reactions are summarized in 
Tables 11-1 and 11-2. 

One can invent a large number of nucleophilic substitution reactions by 
correlating the characteristics of the nucleophiles with substrates and their 
leaving groups. However, many conceivable combinations may not give ex- 


TABLE 11-1 Common Nucleophiles and Their Products from 
Nucleophilic Substitution” 


Nucleophile Product 
Halogen С R—CI (chloroalkanes) 
Вг R—Br (bromoalkanes) 
I R—I (iodoalkanes) 
но 
yee He R—OH (alcohols) 
R'OH 
R'O- R—OR' (ethers) 
R'CO,H 9 
R'CO; R—O-—C-R' (esters) 
Sulfur HS 
R—SH (thi 
HS- (thiols) 
ечи R—SR' (thioeth: 
R's- (thioethers) 
+ 
RS R—SR; (sulfonium ions) 
Nitrogen H3N R—NH; (primary amines) 
R'NH? R—NHR' (secondary amines) 
RjNH к № (tertiary amines) 
КМ R—NR; (quaternary ammonium ions) 
NH;NH; Е—МНМН, (alkyl hydrazines) 
МО; R—NO) (nitroalkanes) 
№ R—N=N=N (alkyl azides) 
Phosphorus ЮР: R—PRj (alkyl phosphonium ions) 
Hydrogen LiAlH4 R—H (hydrocarbons) 
Carbon (Chap. 12) 9 | | 9 
ДА р HE B pst 
RC R—CR; (hydrocarbons) 
RCC R’—C=C—R (alkynes) 
CN^ R—CEN (nitriles) 


* For the reaction Nu: + RCL —+ R—Nu+L:. 
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TABLE 11-2 Common Leaving Groups and Associated Substrat 
Nucleophilic Substitution T Г м 


Leaving Г Substrate Leaving Substrate 
Group (L:) (R—L) Group (L:) (R—L) 
a Chloroalkane, R—Cl OSO3H Alkyl hydrogen sulfate, 
Br Bromoalkane, R—Br “a R—OSO3H 
it Iodoalkane, R1 OSOR: са, 
H,O Alcohol, conjugate acid, | — P) R 
ROM OSO;R" Alkyl alkanesulfonate, 
2 " R—OSO;R' 
ROH Ether, conjugate acid, | OSOCI Alkyl chlorosulfite, 
R-ÓR A R—OSOCI 
ОРСЬ Alkyl chlorophosphite, 
H j Е—ОРСЬ 
^ OPBr? Alkyl bromophosphite, 
O—CR' Ester, R-OCR’ R—OPBr; 
© М=М Alkanediazonium ion, 
HO—CR' Ester, conjugate acid, R-N=N 
9 SR Trialkylsulfonium ion, 
R—Ó—CR' R—SR: 


NR3 Quaternary ammonium ion, 


H 3 
R—NR3 


perimentally useful yields. A poor nucleophile might require pairing with a 
good leaving group for reaction to actually proceed. The acidic conditions 
needed to convert hydroxy to the good leaving group water could destroy a 
basic nucleophile. Each nucleophile-leaving group combination must be 
judged individually. 


Halide as the Nucleophile—Haloalkanes 


Halides (halogen anions) play a double role in nucleophilic substitution 
reactions for they are good leaving groups as well as good nucleophiles. Ha- 
lides are readily available from inorganic salts and acids and are commonly 
used to convert substrates to more reactive intermediates in synthesis. For 
example, alcohols are often converted to haloalkanes, and then the halide ion 
is displaced in a subsequent nucleophilic substitution reaction. 


в—Он НН, g—pr №, R—Nu 
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А. Haloalkanes from Alcohols 


PROBLEM 
11-1 


Hydrogen bromide is an excellent reagent for converting primary and 
secondary alcohols to bromoalkanes. The first step in the reaction, protona- 
tion by the strong acid, converts hydroxy to the good leaving group water. 
Subsequent displacement of water by bromide proceeds by an Sy2 mecha- 
nism. 


CH4(CHj),CH,OH + H—Br + == CH,(CH,),CH,OH} + :Br:- 
1-Butanol 
рр ELD 
Вг: CH,(CH)ICH «Он, — CH,(CH,),CH,Br + H,O 


1-Bromobutane 
95% 


Similar substitution at a tertiary carbon atom proceeds by the S1 mechanism. 


x Us PA А 
(CH;);COH + НВг: == (СН,),С--ОН, == (CH,),C + H,O 
2-Methyl-2-propanol 
(tert-Butyl alcohol) 


CAD р’. 
(CH3;C^: Br:- — (CH,),CBr 
2-Bromo-2-methylpropane 
(tert-Butyl bromide) 
85% 


Chloroalkanes can be prepared in a similar way using hydrochloric acid. 
However, hydrochloric acid is not as reactive with alcohols as is hydrobromic 
acid. Because hydrogen chloride is a weaker acid than hydrogen bromide 
(Table 4-2), formation of the protonated alcohol (an oxonium ion) is less 
favorable when НСІ is the reagent. Furthermore, chloride is a poorer nucleo- 
phile than bromide (Table 10-4) and therefore the displacement step is also 
less favorable. A Lewis acid such as zinc chloride is often added to enhance 
the reaction of alcohols with HCl. 


на, 


CH,CH,CH,CH,OH + ZnCl, 
1-Butanol 
ав 25 CH,CH,CH/CH, CO*ZaCl; — CH,CH,CH,CH,Cl 


1-Chlorobutane 
78% 


CH,CH,CH,CH,—O"*ZnClz 
H 


The rate of reaction of alcohols with HCI-ZnCl, has been used as a 
classification test for distinguishing low-molecular-weight primary, 


secondary, and tertiary alcohols and is known as the Lucas test. Dis- 
cuss the observation that the reactivity of alcohols decreases in the 
order tert > sec > prim when the alcohols are treated with HCl-ZnCl;. 
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: Thionyl chloride and various phosphorus halides are often used for con- 
verting alcohols to haloalkanes. The reaction is very similar to the preparation 
of acyl halides from carboxylic acids (Sec. 9-4A). The hydroxy group is con- 
verted to an inorganic ester, a good leaving group, and then replaced by a 
halogen atom. 


CH,CH,CH,OH + PBr,; > CH,CH,CH,OPBr, + HBr 


1-Propanol Phosphorus 
tribromide 


б pee IE EN С) 
їВг:* + СН,СНУСН,-ОРВг, —> CH,CH,CH,Br + РОВІ, 


1-Вготоргорапе 


DMF 
(CHj4CCH,OH + (CG;H4PCL, —— (CH), CCH,CI 
2,2-Dimethyl-1- Triphenylphosphine 1-Chloro-2,2-dimethylpropane 
propanol dichloride (Neopentyl chloride) 
(Neopentyl alcohol) 92% 
CHOH + Pl, — СН 
Methanol Phosphorus Iodomethane 
triiodide (Methyl iodide) 
95% 
CH; CH, 
CH 
CH,OH + SOCI, i CH,Cl 
o-Methylbenzyl alcohol Thionyl chloride poH aad chloride 


Chloro- and bromoalkanes are generally used as reaction intermediates. 
Chloroalkanes are less expensive, but the bromoalkanes are more reactive. 
Iodoalkanes have limited use; they are expensive and may promote side reac- 
tions. When required, they can often be readily prepared from reaction of the 
chloroalkane and excess sodium iodide. 


CH4CH,CH;CH,CI + Nal (excess) Acetone | CH,CH,CH,CH,I + NaCl 
1-Chlorobutane (Soluble) 1-lodobutane (Insoluble) 


The stereochemical course of conversion of alcohols to haloalkanes is 
normally inversion for ће Sy2 reaction of primary and secondary alcohols 
and racemization to inversion for the 51 reaction of tertiary alcohols. How- 
ever, the use of thionyl chloride provides an interesting and useful example of 
how reaction conditions affect stereochemistry. The reaction of optically ac- 
tive 2-octanol with thionyl chloride in ether forms 2-chlorooctane of retained 
configuration. When the solvent is pyridine, the stereochemical pathway is 


inversion. 


(R)-2-Octanol + SOCI, =° (R)-2-chlorooctane + SO, + HCI 


(R)-2-Octanol + SOCI, Ри» (§)-2-chlorooctane + 50, + C,H,NHCI- 
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PROBLEM 


11-2 


The initial intermediate formed in the thionyl chloride reaction is an 
alkyl chlorosulfite. Hydroxy has again been converted to a better leaving 
group. In ether, most of the НСІ generated during chlorosulfite formation is 
lost, or at least it is not present as dissociated ions. Chloride for the substitu- 
tion step comes from decomposition of the chlorosulfite. As the sulfur dioxide 
departs, the chloride is oriented at the same side of the reacting carbon atom. 
In the nonpolar ether, charge separation is unfavorable and the chloride and 
carbocation are attracted to each other as an ion pair, that is, a positive and 
negative ion held close to each other. Collapse of the ion pair to product takes 
place with retention of configuration. The uncommon reaction is termed Syi— 
substitution, nucleophilic, internal. 


CH; OH CH; о 
Ы А i A7 6 
n Pulp + SOCI, n indie e О + на 
H H 
An alkyl chlorosulfite 
CH4/Gv i „СНз 50, CH; 
n-CHis SO А idi: zu al » Me + 50, 
Г 2 * | 
Hs H 


An ion pair 


When the solvent is pyridine, chloride remains in the polar solution as the 
pyridinum chloride salt. Attack by chloride on the back side of the alkyl chlo- 
rosulfite leads to the product of inversion of configuration. 


CH, О CH 
n-C4H. 4 OX Í n-C,H,4& ЗН 
d баа 57 За i ga ind + SO, 
TE H à 


Suggest a reaction for the synthesis of each of the following 
haloalkanes from the indicated starting materials. 


а C,H,CH,Br from C,H,CH,OH 


СІ он 


| 
b(S)-C,H,CHCH, from (R)-C,H,CHCH, 


c CH,CH,I from CH,CH,OH 


ea он 
d (R)-CH,CHCH,CH, from (R)-CH,CHCH,CH, 
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. Alternate Methods for Preparing Haloalkanes 


à In Chap. 15 we will learn that haloalkanes can be readily prepared by the 
addition of halogen acids to alkenes and alkynes. These syntheses are used 
commercially and in the laboratory. 


CH,—CH, + HCl —> CH;CH;CI 


Ethylene Chloroethane 
(Ethyl chloride) 


CH=CH + Вг, —» BrCH=CHBr 
Acetylene 1,2-Dibromoethene 


Large quantities of organohalogen compounds are produced by the 
world’s chemical industry. Most of the compounds are used as solvents or as 
starting materials for further syntheses. An important industrial method for 
preparing many of the common chloroalkanes is the chlorination of alkanes. 


CH, + Ch —> CICH; 


Chlorination of a saturated hydrocarbon is a substitution process in 
which a chlorine atom replaces a hydrogen. But the process is very different 
from the nucleophilic substitution reactions considered in this chapter. The 
chlorination used extensively in industry is a homolytic reaction involving 
free-radical intermediates (Sec. 5-1E). 

Although we will discuss free-radical reactions in detail in Chap. 24, let 
us briefly look at the conversion of methane to chloromethane. Reaction is 
initiated by the homolytic cleavage of a chlorine molecule into chlorine free 
radicals. A chlorine free radical is a very reactive intermediate, and it rapidly 
abstracts a hydrogen atom from methane. The methyl free radical which is 
formed is also very reactive, and it combines with a chlorine molecule to form 
chloromethane and a new chlorine free radical. Another reaction sequence is 
initiated by this new chlorine free radical in a repeating process known as a 
chain reaction. 


Heat “Cl 
MEME е 
EL or light а С 
The chlorine 
free radical 


‚а + CH, —> ‘CH, + HCl 
Methane The methyl 
free radical 

"CHIC (еа к. Ce 


Chloromethane 


C. Halogenated Hydrocarbons and the Environment 


Halogenated hydrocarbons have probably been the chemicals of most 
concern to environmentalists. They are generally foreign to the environment; 
they are not readily decomposed by the natural processes of air oxidation, 
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sunlight, and biological degradation. They therefore persist and tend to col- 
lect in specific parts of the life chain. 

Dichlorodiphenyltrichloroethane (DDT) was the first widely used chlori- 
nated hydrocarbon to be condemned. It was used extensively throughout the 
world from the 1940s to the early 1970s, when it was banned in the United 
States and many other countries. 


(CIC;H4);CHCCI 
DDT 


DDT is a very effective insecticide with a relatively low toxicity toward 
humans. But, like most halogenated hydrocarbons, it is insoluble in water 
and soluble in nonpolar hydrocarbons. It accumulates and persists in the fatty 
tissue of animals. The food chain of small animals (and potentially also that of 
humans) may be a point for buildup of toxic quantities of the compound. 
Many insecticides being used in place of DDT are phosphate derivatives 
(Sec. 9-7B) and, though relatively biodegradable, are much more toxic to 
humans. 

A group of halogenated compounds of particular concern are the 
fluorochloromethanes and ethanes. These compounds, which are generally 
called Freons, were developed as refrigerant gases. 


GE ССР, 
Fluorotrichloromethane Dichlorodifluoromethane 
(Freon 11) (Freon 12) 
F,CICCCIF, 


1,2-Dichloro-1,1,2,2-tetrafluoroethane 
(Freon 114) 


By the mid-1970s about 50 percent of the aerosol spray cans produced in 
the United States used Freon 11 or 12 as the propellant. As these halogenated 
compounds are released into the atmosphere, they collect in the stratosphere 
and are photochemically decomposed by sunlight (Chap. 27) to give chlorine 
atoms (free radicals). The chlorine atoms are believed to catalyze the decom- 
position of ozone. Since ozone filters out the short-wavelength ultraviolet 
rays from sunlight, any decrease in the ozone concentration might prove 
harmful to humans. For that reason other propellants are now replacing the 
Freons. 


Competing Reactions 


Although our discussions in this chapter will focus on nucleophilic sub- 
stitutions, it is important to recognize that other reactions can compete and 
thereby divert substrate to unwanted by-products. The major reactions that 
compete with nucleophilic substitutions are eliminations and rearrange- 
ments. In Chaps. 14 and 26 we will consider these reactions in detail and learn 
how they have their own importance in the study of organic chemistry. 
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Consider for example the reaction of 3,3-dimethyl-2-butanol with aque- 
ous hydrobromic acid. The expected substitution product 2-bromo-3,3- 
dimethylbutane is formed, but so is an isomer, 2-bromo-2,3-dimethylbutane. 
Furthermore, small amounts of three isomeric alkenes are also produced. 


DE E т 
(CH4CCHCH, + HBr 0 , (CH,),CCHCH, + (СН;),ССН(СН;), 
3,3-Dimethyl- 2-Bromo-3,3- 2-Bromo-2,3- 
2-butanol dimethylbutane dimethylbutane 


+ (CH,),CCH=CH, + (CH,),C=C(CH,), + CH,=C(CH,)CH(CH;), 


3,3-Dimethyl- 2,3-Dimethyl- 2,3-Dimethyl- 
1-butene 2-butene 1-butene 


A mechanistic description of the reaction provides a clue as to how this 
variety of products is formed. We expect the reaction to follow an Syl path- 
way. Protonation of the hydroxy oxygen atom by the strong acid HBr pro- 
vides a good leaving group for either an Sy1 or an Sy2 reaction. However, the 
carbon to which hydroxy is bonded is crowded by the adjacent tert-butyl 
group (it is like neopentyl), so that direct approach to the nucleophile by the 
Sy2 mechanism is inhibited. 

The carbocation formed by loss of water is secondary and quite reactive. 
In addition to intermolecular reaction with the nucleophile bromide to give 
the expected substitution product, an intramolecular rearrangement of an ad- 
jacent methyl group takes place. Rearrangement provides a more stable terti- 
ary carbocation to which bromide can add. In fact, the formation of rear- 
ranged products is often used as evidence for an Sy1 reaction. 


CH, 
ELS i 
CH,-C7CHCH, eee CH,-C—CH(CHJ 
CH; CH; 
Secondary carbocation Tertiary carbocation 


The three alkenes result from elimination reactions (Sec. 4-2B). The sec- 
ondary and tertiary carbocation intermediates can each lose a proton from a 


carbon beta to the carbocation. 


All of the reactions of 3,3-dimethyl-2-butanol with HBr are summarized 
below. 
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OH 
| + 
(CH,),CCHCH, + HBr #9 > (CH,),CCHCH, + H,O 


Br 
| 
(CH3),CCHCH; (Substitution) 
+ 
(CH;),CCHCH, 
(CH,),CCH=CH, (Elimination) 
(Rearrangement) 
Br 
(CH4),CCH(CH); (Substitution) 
3 
(CH3);CCH(CH;); 


Rearranged carbocation 


pe e 


] 
(CH3) С=С(СН;), + CH,=CCH(CH,), (Elimination) 


Although nucleophilic substitutions that proceed by the Sy2 mechanism 
do not involve rearrangements, elimination is a common competitive reac- 
tion. 

C;H,O: + CH,CH,CH,Br —> CH,CH,OCH,CH,CH, + CH,CH—CH, 

Ethoxide 1-Bromopropane Ethyl propyl ether Propene 


(Propylene) 
10% 


These elimination reactions are the result of the nucleophile functioning as a 
base to remove a proton on a carbon beta to the leaving group. 
.. No A а Ы. 
C,H,O: + СН.СН\ СН, Br — CH,CH=CH, + СЬН,ОН + :Вг: 


We can depict the substitution-elimination competitive pathways for the 
5х1 and Sy2 reactions by the following schemes. 


Pd Й i» 

b 

HA К —C—C— (5,2 Substitution) 
lx |. ee ah petel 


NS 
yq + Мн (Elimination) 
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Nu; n Nu 
bla EPIS ini 
H И (бул Substitution) 
К уем н d 
ШЕ 
узчу 


Z 
С=с + Мин (Elimination) 
| Ме will consider the details of elimination reactions in Chap. 14. At this 
point a brief list is given of those experimental variables that influence the 
substitution-elimination pathways. The following factors lead to an increase 
in the elimination that accompanies nucleophilic substitution: 


Increased basicity of the nucleophile 
Elevated temperature 
Crowding of the atoms at the substitution center 


PROBLEM Provide a mechanistic explanation for the observation that treatment of 
11-3 either 3-methyl-2-butanol or 2,2-dimethyl-1-propanol with hot, aque- 
ous НСІ gives principally 2-chloro-2-methylbutane. 


| 11-4 Oxygen and Sulfur as the Nucleophiles— 
Alcohols, Ethers, and Sulfides 


Compounds in which an oxygen or sulfur atom functions as a nucleo- 

phile are among the more important reagents in organic chemistry. When 

| used for nucleophilic substitution at saturated carbon atoms, they provide a 

| synthetic route to ethers, alcohols, sulfides, and other common laboratory 

chemicals. If one considers the reactions of oxygen nucleophiles as well as 

| those of the carbonyl group, it becomes quite clear that the oxygen atom plays 
| a very significant role in the chemistry of organic compounds. 


А. Substitution by Water 


We have already considered many general methods for forming alco- 
hols. Reductions of carbonyl groups through the addition of hydride (Secs. 
8-4 and 9-5) or organometallic reagents (Secs. 8-5 and 9-6) are the most impor- 
tant procedures. In Chap. 15 we will learn that the addition of water to al- 
kenes is another useful method for preparing alcohols. 

One might assume that nucleophilic substitution by water (or hydrox- 
ide) would also be a route commonly used to prepare alcohols. But generally 
| it is not used because, in most cases, ће favorable leaving groups such as 
| halides or sulfonate and carboxylate esters are derived from alcohols. Indus- 
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trially, formation of alcohols by hydrolysis is used when organohalogens can 
be economically prepared from hydrocarbons. In the laboratory the hydroly- 
sis method may be used for synthetic convenience, but it has been studied 
principally as an example of the nucleophilic substitution reaction. 


C,H,CH, + Сі, F, сн.сна 42°. C,H,CH,OH 
6 ^5 3 2 6 5 2 


Toluene Benzyl chloride Benzyl alcohol 


CH,CH,CH,CH;CH;Cl + H,O ——» CH,CH,CH,CH,CH,OH 
1-Chloropentane 1-Pentanol 
From halogenation of pentane 


Most primary haloalkanes react very slowly with water to form the cor- 
responding primary alcohols by an S42 mechanism. The pathway is just the 
reverse of that followed in the formation of haloalkanes from alcohols and 
halogen acids. 


O 2 H,O 
H,O + CH,CH,CH,CH; С = CH,CH,CH,CH,—OH, + :С1:- === 


CH,CH,CH,CH,OH + H,O* 


If the better nucleophile hydroxide is added, the rate of reaction in- 
creases. However, hydroxide is a strong base as well as a good nucleophile. 
Elimination of HCl competes with substitution (Sec. 11-3) and results in the 
formation of some alkene. 

CH,CH,CH,CH;CI + H,O “08, cH.CH,CH,CH,OH + CH,CH,CH=CH, 


1-Chlorobutane 1-Butanol 1-Butene 
95% 5% 


Tertiary haloalkanes react with water by ап Sy1 mechanism. 


CH, CH; 
E OERS | у 

снн, в" 2 снн» + ibri- 
CH, CH; 
CH, CH; CH, 

CH,CH,C E ÖH, > CH,CHsC—OH; Eno. CH;CHsC—OH + но" 
CH, CH, CH, 


Elimination may be a significant competing reaction for crowded sub- 
strates. Tertiary haloalkanes produce alkene products in competition with the 
Sy1 reaction even in neutral media. If the nucleophile is a strong base, alkene 
is the major reaction product. 
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— 5 36% 
7а оо TOU NR NR 
(Hs CH; єн, 
снасн в — CH,CH,C—OH + CH,CH=C(CH,), + CH,CH,C=CH, 
CH, CH, 
2-Bromo-2- 2-Methyl-2-butanol 2-Methyl-2-butene 2-Methyl-1-butene 
methylbutane | 19, ————————————— 
NaOH/H,O 99% 


PROBLEM The reaction of 3-chloro-1-butene or 1-chloro-2-butene with aqueous 
11-4 sodium hydroxide yields an identical mixture of the same two prod- 
ucts. Predict the structures of the products and suggest an explanation 

for the common result. 


PROBLEM Reactions of primary, secondary, or tertiary haloalkanes with water 


11-5 (hydrolysis) proceed by a mechanism which is the exact reverse of the 
mechanism for formation of the haloalkanes from halogen acids and 
alcohols. In contrast, hydrolysis of haloalkanes by aqueous hydroxide 
is essentially an irreversible process. Account for this difference. 


PROBLEM Account for the observation that the slow rate of hydrolysis of a pri- 


11-6 mary chloroalkane can be markedly increased by adding a small 
amount of potassium iodide. 


CH,CH,CH,Cl + H,O —> CH,CH,CH,OH slow 


CH,CH,CH,Cl + H,O -= CH,CH,CH,OH fast 


B. Substitution by Alcohols 
An ether is produced when an alcohol is the nucleophile in nucleophilic 
substitution at a saturated carbon atom. 


C,H,OH +. (CH,)CBr SSH,OH, ^— (CH,),COCH, 
CH,CH, CH,CH, 


Ethanol —— 2-Bromo-2-methylbutane Ethyl 2-methyl-2-butyl ether 
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C,H,OH + (CHj,CBr SOH, (сну,сосн, 
Ethanol 2-Bromo-2- tert-Butyl ethyl ether 
methylpropane 815 
(tert-Butyl chloride) 
CH,CH,CH,OH + С,Н;050,0С,Н, — CH,CH,CH,OC,H, + C;H,0SO;H 
1-Propanol Diethyl sulfate Ethyl Propyl ether Ethyl sulfate 
Although formation of ethers under neutral conditions is often satisfac- 
tory, use of the alkoxide, a more reactive nucleophile, is usually preferable. 
Alcohols are sufficiently acidic (Table 4-2) that they can be easily converted to 
their corresponding alkoxides by treatment with sodium metal or a strong 
base. Reaction of an alkoxide with a haloalkane, the Williamson synthesis, is 
an irreversible route to ethers. 
CH,CH,CH,OH + Na —> CH,CH,CH,O-Na* + Н, 
1-Propanol Sodium propoxide 
CH,CH,CH,O-Na* + CH,CH,I "ЭН, CH,CH,CH,OCH,CH, 
Ethyl propyl ether 
70% 


(CH,);CO-Na* + (CH,O),S0, -P99, (CH,),COCH, 


Sodium tert-butoxide Dimethyl sulfate tert-Butyl methyl ether 
78% 
OH 
NaOH/H,O о 
=, 
СІ 
2-Chlorocyclohexanol 1,2-Epoxycyclohexane 
(Cyclohexene chlorohydrin) (Cyclohexene oxide) 
73% 


PROBLEM Propose mechanisms for the formation of tert-butyl methyl ether and 
11-7 1,2-epoxycyclohexane by the reactions shown above. 


The utility of a polar-aprotic solvent (Sec. 10-3D) in nucleophilic substi- 
tution reactions is illustrated by the preparation of dibutyl ether. Reactions 
were compared using 1-butanol as the protic solvent and dimethyl sulfoxide 
(DMSO) as the aprotic solvent. The absence of hydrogen bonding to DMSO 
enhances the alkoxide nucleophilicity, and the yield is better than that from 
reaction in the hydroxylic solvent. 


CH,CH,CH,CH,O-Na* + CH;CH,CH,CH,Cl —> (CH;CH,CH,CH,),O 


Sodium butoxide 1-Chlorobutane Dibutyl ether 
In 1-Butanol 60% 
In DMSO 95% 
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Elimination can be a serious competitive pathway in these reactions 
since the alkoxide is a strong base as well as a good nucleophile. Substitution 
is favorable when primary alcohols react with primary substrates. The use of 
tertiary nucleophiles or tertiary substrates results in increasing amounts of 
alkene. Crowding in the reactants normally leads to significant elimination 
during the substitution. 


CH,O-Na* + CH,(CH,),CH,OSO,C,H, МН» CH,(CH,),CH,OCH, 
Sodium) Hexyl benzenesulfonate Hexyl nn ether 
(CH,),CO-K+ + CH(CHj,CH,OsO,c,H, POR, 
Potassium tert-butoxide 
CH,(CH,),CH,OC(CH,), + CHs(CH,),CH=CH, 


tert-Butyl hexyl ether 1-Hexene 
65% 20% 


Вг 
| 
C,H,O-Na* + (CHj,CCH,CH, == 


Sodium ethoxide 2-Bromo-2-methylbutane 


p 
(CH,),COC,H, + (CH,),C=CHCH, + CH,=CCH,CH; 
CH,CH, 
Ethyl 2-methyl-2- 2-Methyl-2-butene 2-Methyl-1-butene 
butyl ether _————— 
2% 98% 


The base used to carry out these ether-forming substitution reactions 
need only be sufficiently strong to form the alkoxide. For example, the prepa- 
ration of phenolic ethers is accomplished with relatively weak bases, since 
phenols are more acidic than alcohols (Sec. 7-1). In some cases it is even 
possible to selectively alkylate one oxygen nucleophile in the presence of 
another. 


C,H,OH + CH,0S0,OCH; Nal, CHOCH, 


Phenol Dimethyl sulfate Anisole 
(Methyl phenyl ether) 
92% 
HO. t HO. D 
2 С; t Е C,H,OH 2 NCH; 
Q m 4(OCHQNCH),OGH, 222 Q + CSHSN(CH;) 
HO * CH,O | 
Codeine 


N,N,N-Trimethylphenylammonium 


Morphii 
өөү ethoxide 
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PROBLEM 


11-8 


Discuss the role of N,N,N-trimethylphenylammonium ethoxide in the 


formation of codeine from morphine. 


The Williamson method is particularly suitable for preparing mixed 
ethers, i.e., those with two different groups connected to the oxygen atom. 
When symmetrical ethers are required, acid-catalyzed dehydration of alco- 
hols is usually preferred. Dehydration of ethanol is one commercial method 
for preparing diethyl ether, the important laboratory solvent commonly 
known as "ether." 


H,SO, 


2C,H,OH PSs C,H,OC,H, + H,O 
Ethanol ~ Diethyl ether 
>95% 


HOCH,CH,C] #0, CICH,CH,OCH,CH,Cl + H,O 


2-Chloroethanol Bis-(2-chloroethyl) ether 
(Ethylene chlorohydrin) 75% 


The dehydration method for preparing symmetrical ethers is usually 
limited to preparation from primary alcohols because secondary and tertiary 
alcohols tend to undergo elimination at the high temperatures required for 
dehydration. Reactions are normally carried out at temperatures above 100*C 
using concentrated sulfuric or phosphoric acid as a dehydrating agent. Proto- 
nation of the alcohol by the strong acid initiates the reaction, and then a 
second molecule of alcohol displaces water. 


CH,CH,OH + H,SO, == CH,CH,OH, + HSO; 


еар sa, + 
CH;CH,OH + CHICH, TOH, —> CH,CH,OCH,CH, + H,O 


When ethanol is treated with concentrated sulfuric acid at low tempera- 
tures, an alkyl sulfate can be isolated. 


C,H,OH + Н,50, С, C,H,OSO,H + H,O 
Ethyl sulfate 


Based on the observation of the alkyl sulfate intermediate, another mecha- 
nism has been proposed for the dehydration reaction that involves nucleo- 
philic substitution by alcohol on the alkyl sulfate. 


о 
bo 

О=5—О = + CHCH; Он, —> CH,CH,OSO,H + H,O 
H 


CH,CH,OH + ссн, 50H ——› CH,CH,OCH,CH, + H,SO, 
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PROBLEM Bisulfate is a somewhat better nucleophile than ethanol. What rele- 
11-9 vance has this information when a choice must be made between the 
two mechanisms proposed above for ether formation in sulfuric acid? 


Ethers are relatively stable organic compounds. They are normally 
cleaved only when they are treated with hot concentrated HBr or HI. 


OCH; OH 
CX + НВг — ve + CH,Br 
OH OH 


o-Hydroxyanisole 1,2-Dihydroxybenzene Bromomethane 
(Guaiacol) (Catechol) (Methyl bromide) 
87% 


The ether cleavage is a nucleophilic substitution by halide with alcohol as the 
leaving group. 


OCH, OcH, 
ШС om б + :Вг:- 
H OH 
о cf, x OH 


CEA DE 
OH OH 


PROBLEM An unsymmetrical ether can cleave to give two different alcohol- 
11-10 haloalkane mixtures. 


КОН + R'I 
вов’ Н, ог 
RI + R'OH 


Predict the major pathway in the cleavage of benzyl methyl ether and 


explain the basis for your choice. 


PROBLEM In practice, ether cleavage is carried out with a large excess of HX. The 
11-11 haloalkane rather than the alcohol is often isolated. Explain this experi- 


mental reality. 
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PROBLEM Epoxides are ethers that are readily cleaved by using acidic or basic 
11-12 reagents. Account for the different products which are formed when 
the unsymmetrical epoxide propylene oxide is treated with either 

acidic or basic methanol. 


OCH, 


CH,CHCH,OH 
2-Methoxy-1-propanol 


CH,OH/H* 


о 
Z 
сн,сн—Сн, 


Propylene oxide 
(Methyloxirane) OH 


Е | 
CH,OH/CH;O-Na* CH,CHCH,OCH, 
1-Methoxy-2-propanol 


The stability of ethers makes them useful as protecting groups during 
synthesis. It is often necessary to carry out a reaction on one functional group 
when another group in the same molecule might also undergo reaction. To 
avoid reaction at one of the positions, that functional group is converted to 
some derivative that is stable under the reaction conditions. After the desired 
reaction at the other functional group is complete, the protecting group is 
removed to recover the product or proceed further in the synthesis. 

Ketals (Sec. 8-3) are gem diethers that are stable to base, yet are readily 
reconverted to ketones with dilute acid. Ketal groups are used to protect 
ketones and acetal structures are used to protect aldehydes. In Chaps. 20 and 
22 we will learn that a large variety of protecting groups have been developed 
for rather specific synthetic applications. 


HO, CH, 


1) CHMgBr 
2) H,O* 
Сн), 


он 


о 


CO,CH; 


| HOCH,CH,OH/H+ 


ҮМ 
оо ó 5 
1) CHMgBr H,O+ 
2) NH,CI/H,O Wa 
СОСН; СНЫ «СН, 


А кше protected OH OH 
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The word "ether" brings the thought of anesthesia to the minds of most 
people. Diethyl ether has been one of the most widely used anesthetics. It is 
a good muscle relaxant, yet its action is short-lived. Divinyl ether also is used 
as an anesthetic, but it can lead to a very deep level of unconsciousness. 

The high flammability of low-molecular-weight ethers creates a danger 
of fire or explosion. Diethyl ether is slowly being replaced by other anesthet- 
ics. Cyclopropane and halothane are finding increasing use. Sodium pento- 
thal is an extensively employed intravenous anesthetic. 


H,C N- Nat 
/ \ 5 
Cyclopropane CH,CH,CH.CH H 
CI Ss 
| Sodium pentothal 
BrCHCF, 
Halothane 


PROBLEM Predict the major product(s) in each of the following reactions: 
11-13 a CH,CH,CH,OH + (CH;),50, —> 


b i qon + CHI 


Na,CO, 
Ss 


OH 
HI 
c (CH,),CHOC,H; — > 


О. 
Z 
d cH,CÉ— cHcH, + C,H,O-Na* 


A 
e HOCH,CH,CH,CH,CH,OH + H,S0, —> 


ЕЮН 
—— 


f (CH,);COCH, +. 


C. Substitution by Carboxylate 
Esters are normally prepared through nucleophilic substitution by an 
alcohol on the carbonyl carbon atom of carboxylic acids or their derivatives. 
The method accomplishes acylation of an alcohol (Sec. 9-2A). Alkylation of 
the oxygen atom of a carboxylate salt is another route to esters. 
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p 7p 
CH,C + CH,CH,CHICH, Br DEP CH, + KBr 


ASS 100°C 
O:-K* OCH,CH,CH,CH, 
Potassium. 1-Bromobutane Butyl acetate 
acetate 98% 


CH, сн CH, CH, 


‚== 


CH, CH, CH, CH, 


2,3,5,6- Tetramethylbenzoic Dimethyl Methyl 
acid sulfate 2,3,5,6-tetrameth ylbenzoate 
96% 


3 
COH + (CHj,S0, — 


Diazomethane is an interesting alkylating reagent that can be used to 
prepare methyl esters from carboxylic acids. The diazomethane molecule is 
best represented as a resonance hybrid. 


:CH,—NSN: «> CH,=N=N:- 
Diazomethane 


In the presence of a proton source, diazomethane is converted to a very reac- 
tive methylating agent. The high reactivity is the result of the presence of an 
excellent leaving group, gaseous nitrogen. 


CH,—N-—N:- 
C;H;CO;H + | ao CG,;H,CÓ; + CH, NN Pen 
Benzoic acid 
:CH,—N&N: 
Diazomethane 
C,H,CO,CH, + № 
Methyl benzoate 


Жл 


Diazomethane is a toxic gas that is normally employed in ether solution 
at low temperature. It is usually prepared as needed from commercially avail- 
able precursors. In certain cases it has been known to explode violently. 
Diazomethane should be handled very carefully and on a small scale. 

Acid-catalyzed esterification and ester hydrolysis usually involve forma- 
tion or cleavage of the bond between the carbonyl carbon atom and the alco- 
hol oxygen atom (Sec. 9-2). An acyl-oxygen bond is formed or broken. But 
the alkylation of carboxylate nucleophiles involves formation of an alkyl- 
oxygen bond. Might there be a corresponding hydrolysis pathway? 

Hydrolysis of esters does occur by alkyl-oxygen cleavage when breaking 
of the carbon—oxygen bond can result in formation of a relatively stable carbo- 
cation. The reaction is an Syl process in which a carboxylic acid is the leaving 


group. 
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О ÓH 
2 2 
CHC. + H,O* == ен + HO 
O—C(CH3); O—C(CH,), 
tert-Butyl acetate 
+ 
OH 
= G „Он 
SC. == CHG + (CH34C* 
Q07-C(CHj; o 
Acetic acid 
"S но 
(CH;),C* + H,O (CH,),COH + H4O* 


tert-Butyl alcohol 


PROBLEM Show how water labeled with oxygen 18 can be used to verify alkyl- 
11-14 oxygen cleavage in the acid-catalyzed hydrolysis of tert-butyl acetate. 


D. Substitution by Sulfur Nucleophiles 


We have already encountered thiols as nucleophiles during additions 
and substitutions on carbonyl groups (Secs. 8-3C and 9-2D). Thiols are also 
effective nucleophiles for substitution at saturated carbon atoms. A reaction 
analogous to the Williamson synthesis is used to prepare sulfides (thio- 


ethers). 
CH,SH + (CH,);CHCH,Br NaQEVEIOH , CH SCH CHCH) 
Methanethiol 1-Bromo-2-methylpropane Isobutyl methyl sulfide 
(Methyl mercaptan) (Isobutyl bromide) 95% 


5 
HSCH,CH,SH +  BrCH,CH,Br ао ў 
5 


1,2-Ethanedithiol 1,2-Dibromoethane 14-Dithiane 
60% 

Sulfides react with haloalkanes to form a third carbon-sulfur bond. The 
product has a formal positive charge on sulfur and is known as a sulfonium 
salt. Sulfonium salts are odorless solids with high melting points. Their prop- 
erties are in marked contrast with those of the reactants from which they are 


typically prepared. 
CHjCH, + CHI — (CH4)S*1- 


Dimethyl sulfide Iodomethane Trimethylsulfonium iodide 
(bp 37°C) (bp 42°C) (mp 207°C) 
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The oxidation of sulfides by peroxides can be represented as a nucleo- 
philic substitution of the sulfur atom on an oxygen atom. Sulfoxides are pro- 
duced in the first oxidation and sulfones in a subsequent step. Reaction condi- 
tions can usually be controlled to permit isolation of either the sulfoxide or the 
sulfone product. 


HOOH + H+ ©”. Ho—6H, 
Hydrogen 
peroxide. " 
(CH355—0O : - 
(CH,),5 + Но--фн, 10°, (CHj,S-OH + H,O == | + H,O+ 
Dimethyl sulfide (CH,),S=O 
Dimethyl sulfoxide 
(DMSO) 
(CH,),5=0 + HO<OH, ЊО", 
„9° jo 
(CH) e HO (СН), + H,0* 
OH xe) 


Dimethyl sulfone 


Many inorganic sulfur nucleophiles are used to introduce sulfur into 
organic molecules by a substitution reaction. 


*Na5—5Na* + 2CH,CH,I —> CH,CH,S—SCH,CH, + 2Nal 


Sodium Iodoethane Diethyl disulfide 
disulfide (Ethyl iodide) 


Ма*6СМ + (CHj,CHBr ОН, (CH,,CHSCN + NaBr 


Sodium thiocyanate 2-Bromopropane Isopropyl thiocyanate 
(Isopropyl bromide) poe 


NaSO, + C,H,CH,Cl —> C,H,CH,SO;Na*+ + NaCl 


Sodium sulfite Benzyl chloride Sodium benzenesulfonate 


PROBLEM If equimolar quantities of hydrogen sulfide and bromoethane are al- 
11-15 lowed to react in sodium ethoxide—ethanol, a sulfide is formed along 


with ethanethiol. Predict the structure and account for the formation of 
the sulfide. 


Methionine, an amino acid essential for mammals, is a sulfide contain- 
ing an S-methyl group. It functions as a biological methylating agent, i.e., aS 
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a source of methyl groups. The sulfur atom of methionine is first converted to 
a sulfonium salt (a good leaving group) through nucleophilic substitution for 
the phosphate substituent of adenosine triphosphate (ATP; Sec. 9-7B). Methyl 
transfer (alkylation) from the sulfonium ion to another nucleophile such as an 
amine is catalyzed by the enzyme methyl transferase. 


NH, 
SESS 

jut en puce] а | 

но. ,CCHCH,CH,SCH, НООР 0 СНЬ imt 
Methionine OH OH OH 
HO OH 
Adenosine triphosphate 
(АТ 
NH, 
М“ 

es < | V cis i RE 
HO,CCHCH,CH,S*—CH, О. М М + HO—P—O—P—O—P—O : - 

H дн H 

INH 
H H 
HO OH 
S-Adenosylmethionine 
N N 
NH, CH, ( N 
Ми“ - + HO,CCHCH;CH;S'— 
Methyl transferase 
НИН srt uaa al ee 
H H 
HO OH 
NH, 
< 
NH, | А 
2 
NuCH, + НО,ССНСН,СН, N 


HO OH 
S-Adenosylhomocysteine 
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PROBLEM 


11-16 


Under special conditions ethers can form oxonium salts, the oxygen 
analogs of sulfonium salts. For example, trimethyloxonium fluorobo- 
rate is a white solid, mp 220°C, which is stable if kept cool and anhy- 
drous. 


(CH3),0* BE; 


a What useful synthetic property would you predict for this oxonium 
salt? 

b Why do you think that fluoroborate is the anion that is used rather 
than one of the halides? 


11-5 Nitrogen and Phosphorus as the 


Nucleophiles—Amines 


We encountered the nucleophilic property of amines during our consid- 
erations of addition (Sec. 8-6) and substitution (Sec. 9-3) reactions on the 
carbonyl group. In this section we will see that many of the reactions of 
amines involve nucleophilic substitution at saturated carbon atoms. The most 
common method for preparing amines is through substitution by ammonia or 
other amines, although reduction of amides (Sec. 9-5) and nitriles (Sec. 8-7) is 
also used. 


Substitution by Ammonia and Amines 


Methylamine is prepared commercially through the reaction of ammo- 
nia with chloromethane. Excess ammonia is necessary to take up the НС! that 
is formed and also to minimize further alkylation of the amine. 


‘NH, + сна — — CHNHiO- 


Ammonia Chloromethane Methylammonium chloride 
(Methyl chloride) 


CH,NHjCl- + NH, —> CH,NH, + NHjCl- 
Methylamine Ammonium chloride 
(Methanamine) 

If excess ammonia is not used in the reaction, a mixture of primary, 
secondary, and tertiary amines forms. Mixtures are formed because, at each 
step in the reaction, the nonnucleophilic ammonium salt is converted to a 
nucleophilic amine by an equivalent of unreacted ammonia. The synthetic 
utility of this seemingly simple reaction is severely limited by the formation of 
such mixtures. 
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CH4NH, + CH,Cl —> (СН) МНЕ СІ- 
(CHj;NHjCI- + NH, —> ^ (CHj;NH + NHCI 


Dimethylamine 
(N-Methylmethanamine) 
(CH,),NH + CH,Cl —> (CH;),NH*CI- 


(CH,),NH*Cl- + NH, —> (CH,)3N + NH,Cl 
Trimethylamine 
(N,N-Dimethylmethanamine) 


Primary, secondary, and tertiary amines can often be synthesized selec- 
tively; choice of reactants and control of their concentrations are the means 
used to control synthesis. A base other than excess amine may be used to take 
up the acid which is formed. Alternatively, the conjugate base of the amine 
may be the nucleophile. 


(GH,),NH + CICH,CH,OH 228, (C,H,),NCH,CH,OH 
Diethylamine 2-Chloroethanol 2-Diethylaminoethanol 
(N-Ethylethanamine) 70% 


br NH. 
CH,CHCO,H + NH, (excess) —> CH4CHCO;H 
2-Bromopropanoic acid 2-Aminopropanoic acid 
(Alanine) 
70% 


(GHN: Lit + CHy(CH,),CHBr 220, CH(CHSCHN(C;H) 
Lithium diethylamide 1-Bromooctane ое 


Ammonia reacts readily with ethylene oxide in a ring-opening reaction 
to form the industrially important ethanolamine. Reaction of ethanolamine 
with additional ethylene oxide produces di- and triethanolamines. 


О, 


US 
NH, + н,С CH; —> H,NCH,CH,OH 
Ethylene oxide Ethanolamine 
(Oxirane) 


о 
TN 
H,NCH,CH,OH + H,C—CH, — HN(CH,CH,OH), 


Diethanolamine 


fe) 
CARENS 
HN(CH,CH;OH); + Н.С CH, —> N(CH,CH,OH), 


Triethanolamine 


374 The Scope of Nucleophilic Substitution 


PROBLEM 


11-17 


A specific route to primary amines is the Gabriel synthesis. The nitro- 
gen nucleophile is an anion, the potassium salt of phthalimide. Reaction with 
а haloalkane forms an N-alkylphthalimide which does not alkylate further. 
Hydrolysis then produces the alkylamine. The reaction has been used to pre- 
pare a wide variety of primary amines. 


“Мн NH \:-к+ GHSCHCHBE 
DMF DMF 
о 
Phthalimide Potassium phthalimide 
CO,K 
?N-CH;CH,C,H, =н» + CgH;CH,CH,NH, 
i CO,K 
о 
N-(2-Phenylethyl)phthalimide Potassium phthalate a Phenylethylumine 
95 


Summarize all of the synthetic methods introduced to this point for 


preparing amines. 


Primary amines react with nitrous acid (HNO») to form diazonium salts. 
The diazonium salts derived from aromatic amines (anilines) are relatively 
stable below 0*C. They are important intermediates in many substitution reac- 
tions of aromatic molecules (Secs. 18-10 and 18-3C). Aliphatic diazonium 
salts are very unstable and readily lose nitrogen gas to give the products 
expected from an intermediate carbocation. The nitrous acid is unstable and is 
normally generated in the reaction mixture from sodium nitrite and aqueous 
acid. 


C,H,NH, + NaNO, OP, cH, NN: c 


Aniline Sodium Benzenediazonium chloride 
nitrite 


(CHj,CHNH, + NaNO, -HEVH:9, (cy,),cHN} CH —> 
2-Propanamine (Very unstable) 
(Isopropylamine) 


(CH,),CHCI + (CH,),CHOH + CH,=CHCH; + № 
2-Chloropropane 2-Propanol Propene 
(Isopropyl chloride) (Isopropyl alcohol) 
Nitrous acid is a source of the nitrosating agent №05 on which the 
amine substitutes. A series of proton-transfer steps followed by the loss of 
water produces the diazonium ion. 


PROBLEM Why don't the N-nitrosoamines which form from secondary amines 


11-18 
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п S S + 
R—NH, + O=N-4O—N=O — R—NH,—N=O + NO; 


R—NH,—N-O == R—NH—N=O + Ht 


An N-nitrosoamine 


R—NH—N=0 — R—N=N—OH 


R-N=N—OH + Ht === R NAR. OH, => RONEN: + H,O 


A diazonium ion 


When a secondary amine is the nucleophile, the N-nitrosoamine can be 
isolated. Almost all N-nitrosoamines show carcinogenic activity (Sec. 19-1D), 
and should be handled carefully. Tertiary amines form unstable nitroso 
ammonium salts which decompose to a variety of products. 


daa на ( \ 
+ + NaNO, ню” A 


H | 


Pyrrolidine N-Nitrosopyrrolidine 


lead to diazonium ions? 


. Substitution by Tertiary Amines 


When the electron pair on a nitrogen atom forms a new bond, the result- 
ing tetracoordinate nitrogen atom is assigned a positive charge (Sec. 2-3C). If 
the original amine is primary or secondary, the product is an ammonium salt 
which can readily lose one proton to form an amine (Sec. 11-6A). 

When a tertiary amine forms a bond to a carbon atom, the resulting 
tetracoordinate nitrogen does not possess a hydrogen atom. The product is a 
quaternary ammonium salt. Quaternary ammonium salts are neutral, odor- 
less solids—in contrast to the basic, fishy-smelling liquid amines from which 


they are commonly prepared. 


(CH3gN: + CHI — (CH3),N*T 
Trimethylamine Iodomethane Tetramethylammonium iodide 
(bp 3*C) (Methyl iodide) (mp 230*C) 
(bp 42*C) 
SS N 
| + CH — | 
22 fA 
N Nf г 
CH; 
Pyridine N-Methylpyridinium iodide 


(bp 115*C) (mp 118*C) 
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Quaternary ammonium groups are important parts of many biologically 
active molecules. Acetylcholine is a quaternary ammonium salt essential for 
neurotransmission (Sec. 9-8B). 


+ 
(CH,),NCH,CH,O,CCH, 
Acetylcholine 


Some quaternary ammonium compounds block nerve transmission. The nat- 
urally occurring curare alkaloids are powerful muscle relaxants. Many di- 
quaternary ammonium compounds have a similar muscle-relaxing biological 
activity when the distance between their nitrogen atoms is similar to that 
found in curare. Decamethonium dibromide is utilized medicinally in this 


way. 
HC, H HO OCH, 
N 
H H 2Cl- 
VN 
Сошо H,C CH, 


Tubocurarine chloride 
(Curare) 


2(CH,);N +  BrCH;,Br | —— (CH,),N(CH,),oN(CH,), 2Br 


Trimethylamine 1,10-Dibromodecane Decamethonium dibromide 


PROBLEM Decamethonium dibromide has limited utility as a muscle relaxant 
11-19 during surgery because it is relatively inert to metabolic degradation 
and can therefore be long-lasting. Succinoylcholine is a better anes- 

thetic. 


* 
(CH); NCH,CH,OCOCH,CH,CO,CH,CH,N(CH,)s 


Succinoylcholine 


a Why would you predict succinoylcholine to have a physiological ef- 
fect similar to that of decamethonium dibromide? 
b Why is succinoylcholine more degradable metabolically? 


Fatty acids are converted to amines and then to quaternary ammonium 
salts to be used commercially as soaps and detergents. These cationic surfac- 
tants (Sec. 9-2C) are useful for antiseptic cleaning applications because of the 
bacteriostatic properties imparted by the quaternary ammonium group. 


PROBLEM 


11-20 
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NaOH NH, 


Animal fat OR, n-C,Hy;COjH М n Cu Hg CONH, Cu 
Stearic acid e 
One possible fatty acid 
m H,/Ni 
n-C,,H3,C=N High NU n-C,7H3;CH NH, 


1-Octadecanamine 


n-C,7HjgCH,NH, + 3CH,Cl —>  1-C,;HasCH,N(CH,),Cl- 
N,N,N-Trimethyloctadecylammonium 
chloride 
A cationic soap 

Hydrogen peroxide or peroxyacids oxidize tertiary amines to amine ox- 
ides. The reaction is similar to the oxidation of sulfides (Sec. 11-4D). Amine 
oxides are used principally as intermediates in certain elimination (Sec. 14-5E) 
and rearrangement (Sec. 26-2B) reactions. 


(сном: + но, BO, (CH,),N—O:- + HO 


Trimethylamine Trimethylamine 
(bp 3*C) oxide 
(mp 208*C) 


Propose a mechanism for the oxidation of trimethylamine to trimethyl- 


amine oxide. 


. Other Nitrogen Nucleophiles 


When amines are used as nucleophilic reagents in substitution reac- 
tions, their basic character may result in competing elimination. An alternate 
route for introducing a nitrogen atom is the use of the very nucleophilic azide 
ion. Azide is a weak base, so that elimination is minimized. Subsequent re- 
duction of the alkyl azide product yields an amine. A major limitation to this 
synthetic sequence is that low-molecular-weight alkyl azides can be explo- 
sive. Reactions must be carried out carefully and on a small scale. 

C,H,CH,OTs + Na N—N—N: MOF, CH,CHN; reo, C,H,CH;NH, 
s X д 
Benzyl tosylate Sodium azide Benzyl azide eae 

The diamine hydrazine is readily alkylated. Because both nitrogen 
atoms can function as nucleophiles, controlling the quantities of reactants 
may determine what products form. 


H,NNH, + CH,CH,CH;I №9, CH,CH,CH;NHNH, 


Hydrazine 1-lodopropane Propylhydrazine 


(excess) 
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PROBLEM 


11-21 


PROBLEM 


11-22 


H,NNH, + 2CH “69,  H,NN(CH) 


Iodomethane 1,1-Dimethylhydrazine 
(Methyl iodide) 


Account for the observation that the 1,1-dimethyl rather than the 1,2- 


dimethyl product is favored when hydrazine is alkylated with 
iodomethane. 


The formation and reduction of isocyanates is a route to secondary 
methylamines. 


CH,CH,I + Nat: N=C=0 —> CH,CH,N=C=O ненен, CH,CH,NHCH, 
N к 


Iodoethane Sodium isocyanate Ethyl isocyanate N-Methylethylamine 
78% 


Suggest а method for carrying out each of the following syntheses 
using the starting material indicated and any other required reagents. 


a 1-Butanamine from 1-butanol 
b N,N-Dimethylpropylamine from dimethylamine 
c 2-Ethyl-1-isopropylhydrazine from hydrazine 


d N,N,N-Trimethylbenzylammonium chloride from benzyl chloride 


e Ethyldimethylamine oxide from dimethylamine 


D. Substitution by Phosphorus 


Tricoordinate phosphines and phosphites are excellent nucleophiles that 
possess reactivities similar to those of iodide or bromide. Unlike amines, or- 
ganophosphorus compounds are not basic in aqueous media. They are read- 
ily alkylated to produce the phosphonium salts that are useful in the Wittig 
reaction (Sec. 12-6C). 


(CHP: + C,H,CHjBr —> (С:Н)3РСНС,Н;Вг- 
Triphenylphosphine Benzyl bromide Benzyltriphenylphosphonium bromide 


(CGH,OSP: + сни —— (C,H,O),PCH,I- 
Triphenyl phosphite ^ lodomethane Methyltriphenoxy- 
phosphonium iodide 
When an alkyl rather than an aryl phosphite is alkylated, the product is 
a phosphonate rather than a phosphonium salt. A change in the molecular 
structure takes place during the reaction. 


PROBLEM 


11-23 


PROBLEM 


11-24 
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О 

| 
(СБОР: + СНЫ  —9  (CH,O),PCH, + СНЫ 
Triethyl phosphite — lodomethane Diethyl methanephosphonate — lodoethane 


This process, an example of the Arbusov reaction, proceeds by two succes- 
sive 52 steps. An unstable phosphonium ion forms initially, and then the 
halide displaces one of the alkyl groups. The second step is favorable because 
the leaving group has the very stable phosphorus-oxygen double bond 
(—P—O). The Arbusov reaction does not occur with aryl phosphites because 
the requisite nucleophilic substitution in the second step is rather uncommon 
on an aromatic ring (Sec. 18-3). 


(GH,0),P7 F CHI — (CHO) PCH, 1- 


p 
OR Сан. /° 
(с,н;оуЁ" —сно +С 
CH. 


3 3 


When (R)-tri-sec-butyl phosphite is treated with iodomethane, (R)-di- 
sec-butyl methanephosphonate and (S)-2-iodobutane are formed. Sug- 
gest a mechanism to explain the reaction products and stereochemistry. 


Suggest a haloalkane and another reactant which could be used to pre- 
pare each of the following compounds in one step. Provide a name for 
each of the products. 


NH, 
s 
a (CH,),CHCHCO,H e (C,H,CH,,PC,H, Br- 


E 
b (C,H;NCH,CH,OH f C,H,CH,CH,S(CH,), Br- 


с C,H,CH,NHC,H, 
+ 
а C,H,CH,N(CHj, 1- 


Neighboring Group Participation 


We have considered only examples of nucleophilic substitution in which 
the reagent (nucleophile) and substrate (electrophile) are different com- 
pounds. Nucleophilic substitution can also be an intramolecular process 
when the nucleophile and leaving groups are part of a single molecule. Cyclic 
compounds are prepared in this way. 


380 


The Scope of Nucleophilic Substitution 


а, 
Ca(OH). | 
HOCH,CH,Cl ————5 Hacen —э CH,—CH, 
2-Chloroethanol Oxirane 
(Ethylene chlorohydrin) (Ethylene oxide) 


CICH,CH,CH,CH,NH, КОНИ, ( o 


H 


4-Chloro-1-butanamine Pyrrolidine 
(Azacyclopentane) 


H 
N 


NH, Cl } 
| | fk. 
ӨН еН CHET), .КОннон , сн; CH, 
2-Chloro-1,2-diphenylethylamine 2,3-Diphenylaziridine 
96° 


Intramolecular processes have a more favorable entropy than the analo- 
gous intermolecular reactions because it is not necessary for two separate 
molecules to come together. When a five- or six-member ring forms, that 
energetic advantage can lead to reaction rates as much as 10*-10° times faster 
for the ring formation than for comparable intermolecular substitutions. 

Even three-membered ring formation occurs 107-10? times faster than a 
comparable noncyclic reaction occurs. The two atoms that react can move into 
a conformation in which they are only about 2.5 A (250 pm) apart. Bond for- 
mation requires that the atoms move about 1 А (100 pm) closer together. 
Strain in the three-member ring is offset by this relatively favorable contribu- 
tion of entropy to the activation energy. 


25A 147 А 

=O; CHCI O (CH 
иж" 
н“ ^u н“ ^u 


An important consequence of intramolecular nucleophilic substitution is 
often seen in the rates of reaction. For instance, the hydrolysis of 1-chloro- 
3-thiapentane proceeds 3 х 10? times faster than the hydrolysis of 1- 
chlorohexane. Furthermore, the reaction kinetics are first-order. The rate de- 
pends only on the concentration of the substrate but not the nucleophile. This 
is a rather surprising result for substitution at a primary carbon atom, a reac- 
tion expected to be S2. 


CH,CH,SCH,CH,CI + н.о — CH,CH,SCH,CH,OH 
1-Chloro-3-thiapentane 3-Thia-1-pentanol 
(8-Chlorodiethyl sulfide) (B-Hydroxydiethyl sulfide) 


PROBLEM 
11-25 
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CH,CH,CH,CH,CH,CH,CI + H,O > CH,CH,CH,CH,CH,CH,OH 


1-Chlorohexane 1-Hexanol 
k 
ue 3x10 


It seems clear that the sulfur atom must be responsible for this large rate 
enhancement. Yet sulfur is too far from the reaction center to have a signifi- 
cant electronic effect. There is, however, considerable experimental evidence 
that the sulfur atom functions as an internal nucleophile to displace chloride. 
A cyclic sulfonium salt intermediate is formed. The intramolecular process 
occurs more rapidly than a corresponding intermolecular reaction. 

The intermediate sulfonium salt is quite receptive to reaction with a 
nucleophile. The sulfur cation is a good leaving group and relief of strain of 
the three-member ring also enhances reactivity. In the example above, water 
reacts with the sulfonium salt intermediate in a ring-opening nucleophilic 
substitution to produce the final product. The overall reaction rate is the rate 
of formation of the three-member ring, an energetically favorable intramolec- 
ular process. Such involvement by an atom within the same molecule is 
known as neighboring group participation or anchimeric assistance. We will 
learn that much of the activity of enzymes and catalysts can be attributed to 
their ability to bring reactants together for an intramolecular reaction. 


get | 
CH, —CH + Он, 90, c H,SCH,CH,OH + H4O* 


Provide an explanation of the fact that the hydrolysis of 1-chloro-3- 
thiapentane (f-chlorodiethyl sulfide) is markedly faster than the hy- 


drolysis of 1-chloro-3-oxapentane (B-chlorodiethyl ether). (Consider 
the size of the sulfur and oxygen atoms.) 


Reaction stereochemistry provides further support for the phenomenon 
of neighboring group participation. When optically active 2-bromopropanoic 
acid reacts with dilute aqueous sodium hydroxide, optically active sodium 
2-hydroxypropanoate is produced. The reaction proceeds with retention of 


configuration at the asymmetric carbon atom. 
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t P 
CH,CHCO,H  DPIbNSOH/HO , CH CHCOZNa* 

оно оргок (R)-Sodium 
асі 2-hydroxypropanoate 


(R-Sodium lactate) 


The unexpected retention stereochemistry can be explained if we as- 
sume two sequential inversion steps. The first, an intramolecular displace- 
ment of bromide by the carboxylate ion, forms an unstable a-lactone. Subse- 
quent ring opening of the lactone by hydroxide leads to the observed product. 

(Br 
| 


H 
CHR саи В 
N 


C. —ъ 
HU c-Oo "ot 
CH; T 
OH 
H, 
СН e e min c 
Praw :OH 
N^ а ne ген cio 
ex снг 


PROBLEM If optically active 2-bromopropanoic acid is hydrolyzed in concentrated 
11-26 aqueous base, the product has a configuration which is inverted from 


that of the starting material. Contrast this result with the retention 
process discussed above. 


The hydrolysis of 3-chloro-2-butanol further illustrates the interesting 
stereochemical consequences of neighboring group participation. Reaction 
with aqueous base leads to 2,3-butanediol. 


он а OH OH 
CH,CH—CHCH, + HO- 42°, cH,CH—CHCH, 
3-Chloro-2-butanol 2,3-Butanediol 


The substrate possesses two asymmetric carbon atoms, thus can exist as two 
diastereomers composed of four enantiomers (Sec. 6-5E). When optically ac- 
tive enantiomer А undergoes reaction, the product is a meso compound and 
thus is optically inactive. 

But we would have expected substitution at the secondary carbon to 
proceed by an $2 pathway with inversion of configuration to give an opti- 
cally active product. In fact, the first step is inversion, but substitution 1s 
intramolecular by the oxygen anion formed from the hydroxy group of the 
substrate. An intermediate epoxide is formed which then undergoes substitu- 
tion by external hydroxide in an intermolecular process. Ring opening occurs 
with equal probability at either carbon atom of the epoxide. The meso product 
results from two stereospecific inversion steps. 


PROBLEM 
11-27 


PROBLEM 
11-28 


11-7 


A. 
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HO H gv 
De Bs но- \ os Ps H,O 
ЄН Л М ЄН УКА! CHIT. „лун 
н 1 H (а ACH 
HO: 2 
A 
Hee pu ac s 
~ CH. 
C=C + GRT 3 
АН ARN 
OH CH; H OH 


Identical meso molecules 


a Assign (R) or (S) configurational designations to the asymmetric car- 
bon atoms of enantiomer A above. 

b Draw a wedge stereochemical formula for and assign configurations 
to the product that would have been obtained if hydrolysis of A had 
proceeded by a “normal” Sy2 pathway. 

c When (2R),(3R)-3-chloro-2-butanol is treated with aqueous base, op- 
tically inactive 2,3-butanediol is obtained. Use wedge stereochemical 
formulas to follow the reaction; compare the sequence with that in 
the illustration above. 


Suggest a mechanism for the following reaction: 


cl 
(C.Hy,NCH,CHCH,CH, + н.о ОН, (C,H,),NCHCH,CH, 


H,O 
H,OH 


Hydride, Nitrile, and Organometallic 
Nucleophiles 


Hydride as the Nucleophile 


The organic chemist is usually concerned with the functional groups at 
which a reaction can be carried out. But at the end of a synthetic sequence it 
is often desirable to convert a functional group to a hydrocarbon. When the 
functional group is or can be easily changed to a halide, tosylate, or other 
good leaving group, substitution by hydride can accomplish the conversion to 
a hydrocarbon. 

Lithium aluminum hydride is an excellent hydride source in these reac- 
tions. The process follows an 52 mechanism and normally proceeds with 
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inversion of configuration. Deuterium can be introduced if lithium aluminum 
deuteride is used as the deuteride source. 


1 1) Et,0 
СНЫ + ШАН, S855 Я 
Тодоте апе Methane 
100% 
C,H,CH,Cl + LiAIH, PM C,H,CH; | 
Benzyl chloride Е Тошепе 
72% | 
| 
CH | 
C,H, Hs снн» 
wd - 1) THF/0°C 
С 
С + LiAID, Hos ^ | 
н D 
(R)-1-Chloro-1-phenylethane Е а 


Epoxides, when treated with lithium aluminum hydride, open to pro- 
duce alcohols. Hydride approaches the less-hindered carbon atom in this $2 


reaction. 
о OH 
| 
c,  CHCH.CH, + LAIH, 2 59... CH,CHCH;CH, 
Ethyloxirane 0 Вне! 


The utility of lithium aluminum hydride is limited when other groups in 
the molecule might also be reduced. Sodium borohydride is a less reactive 
source of hydride which is effective with benzyl and tertiary haloalkanes and 
tosylates. The combination of lithium borohydride with lithium hydride is a 
hydride source which is selective for substitution for a halogen. 


(Сен) СС + NaBH, PMEAGO/NOH, (СН, CH 


Chlorotriphenylmethane Triphenylmethane 
96% 
Br 
| л a. DEO 
CH,CH,CHCN + LiBH,/LiH 2720, CH,CH,CH,CN 
2-Bromobutanenitrile ы Butanenitrile 
88% 


One of the strongest nucleophiles is hydride donated by lithium triethyl- 
borohydride. This reagent, which is often called "super hydride," is effective 
in reactions with a variety of substrates. 


ia 
CH,(CH,),CHCH, ue INE, НИНЕ, CH. (Сн,),СН, 
2-Octyl tosylate d Octane 


99% 
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Br D LE&BH/THF 
2) H,O 


Bromocyclohexane Cyclohexane 
95% 

j Hydrogenolysis—the cleavage of a carbon-heteroatom bond by cata- 
lytic hydrogenation—can also reduce haloalkanes and other functional 
groups. The process is not actually a nucleophilic substitution, but it accom- 
plishes the same type of conversion. Chapter 24 will consider related free- 
radical processes. 


[9] 
Hes H,/Pd-C CH, 
(el Sah aes 
Hs CH,OH/KOH tis 


2995 
СН,М(СН;), CH; 
| H,/Pd-C Cry 
EtOH 
N N 
H H 
Gramine Skatole 

84% 


PROBLEM Summarize all the synthetically useful reactions encountered to this 
11-29 point which can be accomplished using hydride donors. 


B. Substitution by Cyanide 


Substitution by a cyano group is a method for extending a carbon chain 
by one unit. The nucleophile, cyanide anion, is similar to iodide in reactivity. 
Reactions usually follow an $2 mechanism, so they proceed most effectively 
with primary or secondary substrates. In most cases the nitrile is subse- 
quently converted to another useful functional group. 


NaCN + снсна 122, ¢,H,cH,CN МУМ, C,H,CH,CH,NH, 
2-Phenylethanenitrile 2-Phenylethanamine 


(Phenylacetonitrile) (B-Phenylethylamine) 
89% 


Sodium cyanide Benzyl chloride 


#0, NC(CH,),CN 422° HO,C(CHj,CO;H 
Pentanedinitrile Pentanedioic acid 


(Glutaronitrile) (Glutaric acid) 
85% 


2NaCN + — Br(CH,),Br 
1,3-Dibromopropane 
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PROBLEM 


11-30 


Sodium or potassium cyanide is usually the source of the cyano group in 
these substitution reactions. However, there are often problems associated 
with the markedly different solubilities of the reactants. For example, 1- 
chlorooctane is essentially unreactive when mixed with a hot aqueous solu- 
tion of sodium cyanide. The haloalkane is so insoluble in the aqueous me- 
dium that no reaction can occur. The problem can often be rectified by using a 
solvent such as ethanol or dimethyl sulfoxide in which both reactants have at 
least some solubility. 


Why would you expect the substitution by cyanide to be considerably 


faster in DMSO than in ethanol? 


Phase-transfer catalysis is another approach that is gaining acceptance 
for syntheses of this kind. In that experimental technique a catalytic quantity 
of some compound capable of transferring a reactant from one phase to the 
other is added to the reaction. Tetrabutylammonium chloride is an effective 
phase-transfer catalyst in the cyanide-chlorooctane reaction. In the presence 
of cyanide ion some of the quaternary ammonium chloride is converted to its 
cyanide salt. The four butyl groups on the nitrogen atom impart at least a 
limited solubility to the tetrabutylammonium cyanide in the organic phase. 
Reaction occurs rapidly with the haloalkane while regenerating a molecule of 
quaternary ammonium chloride to repeat the cycle. 


(n-C,Hy),N*Cl- — + CN- — — (wCHj;N*CN- + CI- 


Tetrabutylammonium chloride Tetrabutylammonium cyanide 


CH;(CH,),Cl + (n-C,Hy),NtCN- —> CH,(CH,);CN + (C,H), N*CI- 
1-Chlorooctane Nonanenitrile 
90% 


. Substitution by Organometallic Reagents 


The Grignard and other organometallic reagents which we found to be 
extremely versatile in reactions with carbonyl groups show limited utility in 
nucleophilic substitution at saturated carbon. The organometallic compounds 
are strong bases and tend to promote elimination in saturated systems. 

One synthetically useful example is the nucleophilic substitution reac- 
tions of organometallic reagents with epoxides. The epoxide ring readily 
opens to produce an alcohol two carbon atoms longer than the organometallic 
reagent. The new hydroxy group at the end of the carbon chain can be em- 
ployed for further reaction. 


n-C,HjMgBr + Rui EH M n-C,H,40H 
Butylmagnesium Ethylene oxide ы 1-Нехапо! 


bromide (Oxirane) 62% 


PROBLEM 
11-31 


PROBLEM 
11-32 


PROBLEM 
11-33 
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о OH 
р “он. D Benzene | 
СНУ + CCH;CH———CH; ЙОД" СЬНЬСЄНСН„СЬНЬ 
Phenyllithium Styrene oxide я 1,2-Diphenylethanol 
72% 


(Phenyloxirane) 


Show how ethylene oxide could be used to extend the carbon chain of 


2-bromo-1-phenylethane by four atoms to form 6-phenyl-1-hexanol. 


Many of the substitution reactions which do occur when organometallic 
reagents are used as nucleophiles proceed with only moderate yields. Cou- 
pling of haloalkanes in the presence of an active metal is known as the Wurtz 
reaction. Reaction is usually accomplished by adding sodium metal to an 
organohalogen compound in an inert solvent. The organosodium compound 
which forms combines with unreacted haloalkane. 
n-C,HBr SCR 1-C,HgNa HECHE n-C4H;g 


i-Bromobutane >° — Butylsodium Octane 
48% 


The reaction was effectively applied to the synthesis of a small-ring hydrocar- 
bon to give an unusually high yield of product. 


ва ШЫНА! 
Dioxane 


1-Bromo-3-chlorocyclobutane Bieyclof1Lo]butane 
96' 


Reasonable yields are often obtained when an aryl halogen compound reacts 
with a haloalkane. This mixed coupling reaction is known as the Wurtz-Fittig 


reaction. 


C,HBr + n-C,H,Br o CHIC Ber 


Bromobenzene ^ i-Bromobulane ^ Butylbenzene 


Explain why the Wurtz reaction between two different haloalkanes (for 
example between bromoethane and 1-bromopropane) is normally syn- 


thetically useless. 


ntal observation that a small amount of mag- 
ted when a Grignard rea- 


gent is formed from the stoichiometric quantities of a haloalkane and 


Account for the experime 
nesium metal almost always remains unreac 


magnesium. 
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The use of lithium dialkylcuprates in nucleophilic substitution has been 
introduced recently and appears to be the most favorable approach to the 
coupling reaction. The reagents are usually prepared in an ether solvent at 
low temperature from an alkyllithium reagent and a cuprous halide. 


THE/o*C n-C,H,,Cl 
——— =L 


2n-C,HgLi + Cul (n-C,Hg)gCuLi CH,(CH,),CH, 


Butyllithium Lithium dibutylcuprate Миле 
80` 


Вг CH, 


| . ЕЬО-ТНЕ | 
CH,CHCH;CH, + (C,H,),CuLi РВ 9-ТНЕ, Coy CHCH CH, 


(R)-2-Bromobutane Lithium енне 
diphenylcuprate 67 


Substitution by metal acetylides provides a method for extending a car- 
bon chain by two or more carbon atoms. Acetylides are normally prepared 
from terminal acetylenes (alkynes) using strong bases. Sodium amide (so- 
damide) in liquid ammonia is commonly used as the reaction medium for 
preparing and alkylating acetylides. Although ammonia boils at —33°C, it can 
be conveniently handled with normal laboratory apparatus. The terminal al- 
kyne is slowly added to the cold basic solution to form the acetylide, and then 
the appropriate alkylating agent is added. 


HC=CH + NaNH, Th HC=C-Nat 
Acetylene Sodium amide - Sodium acetylide 
(Ethyne) 


HC-C-Na* + CH,CH,CH,Br M CH,CH,CH,C=CH 
1-Bromopropane 1-Pentyne 
90% 

The preparation of sodamide is an interesting and colorful process. So- 
dium metal is added to liquid ammonia containing a catalytic amount of ferric 
ion. As the sodium dissolves, a deep blue color forms in the solution. The 
color is attributed to electrons from the sodium atoms which have been sol- 
vated by the ammonia. Oxidation changes the blue solution to a gray slurry of 


sodamide. 
NH, А о, 
Na: + NH, Tao” Nat + (МН), Са» NaNH, 
Pes A solvated 
electron 


Silver (Ag*) and copper (Cu) ions also form metal salts with terminal 
alkynes. These salts tend to be explosive when dry, but they can be de- 
stroyed with strong acid. They have limited utility in synthesis. 


CH,C=CH + AgNO, —> CH,C—C-Ag* 
A silver acetylide 

CH,C=CH + CuNO, — CH,C=C-Cut 
A copper acetylide 


PROBLEM 
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Show how each of the following compounds could be synthesized 
from an alkylating agent plus an appropriate nucleophile. 


a 3-Decyne с Acetonitrile (ethanenitrile) 
b 3-Butylcyclohexene d 1-Decyne 


11-8 Summary 


A. Nucleophilic Substitutions 


Nucleophilic substitution is a very general procedure for the formation 
of bonds to a saturated carbon by heteroatom and carbon nucleophiles. Many 
of the important types of organic compounds can be prepared in this way. 
These include alcohols, ethers, haloalkanes, and amines. 

Side reactions may compete with the desired nucleophilic substitution. 
Elimination, the most common competing reaction, becomes important when 
the nucleophile is also a good base and when crowding at either reaction 
center promotes removal of a less-hindered beta-hydrogen atom. Elimination 
competes with substitutions that proceed by Syl and 542 pathways. Reac- 
tants involved in Sy1 substitutions may also undergo carbon skeleton rear- 
rangement when an initially formed carbocation can generate a more stable 
carbocation. 

The numerous nucleophilic substitution reactions which we have con- 
sidered in this chapter are summarized in Sec. 11-8B. 


. Nucleophilic Substitution Reactions 


Formation of haloalkanes (Sec. 11-2A) 
ROH + HX —> RX X = CLBrI 
ROH + SOCI, —> RCI 
ROH + PX; —> RX 

Formation of alcohols (Sec. 11-4A) 
RL + HO —> ROH 

Formation of ethers (Sec. 11-4B) 
ROH + КІ —> ROR’ 

RO-Na* + ВТ, —> ROR’ 
2ROH 2:89, ROR 

Cleavage of ethers (Sec. 11-4B) 
ROR + НІ —> ROH + RI 
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Formation of esters (Sec. 11-4C) 
RCO;Na* + КТ, —> RCO,R’ 
КСОН + CH;N; —> RCO;CHs 


Formation of thiols, sulfides, and sulfonium salts (Sec. 11-40) 
Н5 Ма* + RL —> RSH 
RS^Na* + R'L — RSR' 
RS + R'L — ВВ. 
Formation of sulfoxides and sulfones (бес. 11-40) 
RS + Н.О, — RSO 
RSO + НО, — RSO, 
Formation of amines (Sec. 11-5A) 
NH3 + RL —э RNH; 
RNH; + R'L —> RR'NH 
RR'NH + КТ, —> RR'R"'N 


A RE 
69, » 2) KOH/H,O P 


Formation of diazonium salts (Sec. 11-5A) 
С6НУМН» + NaNO/HCI —> СНМ СІ 
Formation of quaternary ammonium salts and amine oxides (Sec. 11-5B) 
RN + ВТ, — RNR'L- 
RN + НО, —  RN—O 
Formation of phosphonium salts (Sec. 11-5D) 
RP + ЕЛ. — RPR'L- 
Formation of carbon-carbon bonds 
a Using cyanide (Sec. 11-7B) 
Ма*СМ + RL —> RCN 
b Using acetylides (Sec. 11-7C) 
—С=С Nat + RL —ъ —CEC-R 


11-9 


11-35 


11-36 
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c Using organometallics (Sec. 11-7C) 
O, 
RMgX + Yl m. RC on 
ds || 

R;CuLi + К — R—R' 
Formation of carbon-hydrogen bonds using hydride donors (Sec. 11-7A) 

LiAIH; + RL —> RH 


Supplementary Problems 


Predict the major organic product(s) obtained from each of the following reactions: 
а (CH,);CHCH,OH + PBr, —> 


EC 
b СУ ное 
с Co» + C;HsBr (excess) INECOUECE 


он 
d CH,CHCH, + HBr —> 


e (CH,),CHOTs + Nal SS", 
1) NaNH,/NH; 
2) CICH,CH,CH,Br 


A 1) Et,0 
r1 T + ШАН, Sage? 
Acetone 


h CH,CH,CH,Br + Nal (excess) — ——» 


i 2CH,OH ео, 


f CH,C=CH 


j CH,CH;CHI + NH; (excess) —> 


к (CH,),COCH,CH, + HI 25 
1 CsH;CH,OH + SOCI; —> 
Fill in the structural formulas for the missing compounds in each of the following 


synthetic sequences. 
H, ры c £u KCN H,O+ 
a HC=CH ус >A 2 M dme HC=CCH,CH,CH,CI узо” D > 


HC=CCH,CH,CH,CO,H 


Excess 


KN 1) LIAIH,/E O CHI NC С 
ЬЕ он" СН;СН,№; ТОМЕ Е == CH4CH;N(CH;)I 
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11-37 


11-38 


11-39 


11-40 


11-41 


c CH,=CHCH,OH № с 9H —, cH,=cHCH,OCH,CH,OH 1 


2) HO* 
1) LiAIH,/EtO 
CH,=CHCH,OCH,CH,Br э-н у MT 
CH CH, 
Hw 3 HE? 
А> 1) LiAIH,/Et,O PBr, 1)M tea 
d C—CH,CO,H K 3.L (—CH,CH, 
/ 2-2" 3 HOF Р 08 2) HjO* > / 2—13 
CoH; CoH; 


Two classical tests for the primary, secondary, or tertiary nature of a bromo- or 

chloroalkane are to allow the compound to react with AgNO;/CoHsOH or with Nal/ 

acetone. In each case one observes whether a precipitate forms rapidly, slowly, or not 

at all. (Nal is soluble in acetone; NaBr and NaCl are not.) 

a Explain the rationale for these tests based on the premise that silver ion complexes 
with the organohalogens and causes them to ionize and AgX to precipitate. 

b Predict the behavior expected for each of the following compounds in each test: 
CoHsBr, (CH3)2CHBr, (CH3)3CCl. 


The suspected carcinogen bis-chloromethyl ether is formed when formaldehyde is 
mixed with НСІ. It is believed that the unusual addition of НСІ across the carbon- 
oxygen double bond produces equilibrium amounts of chloromethanol, the precursor 
for the ether. Suggest a mechanism for this reaction. 


2CH,0 + 2НСІ —>  CICH;OCH;Cl +Н.О 
Bis-chloromethyl ether 


Explain the observation that optically pure (1S), (2S)-2-chloro-1,2-diphenylethylamine 
produces optically inactive 2,3-diphenylaziridine when treated with basic ethanol. 


Suggest a mechanism for each of the following reactions: 
a C,H,COzN(CHy), LE C;H;CO,CH, + N(CH;); 


b CH,CO; Ag* + (C,H;),CBr ROH, Ct cO, ссн), 
3 6° ^5/3 3 


€ H,NCH,CH,CH,CH,Br М ОНИН:О , y Ni CH CH CH. CH,OH + н) 
М 


cl 
ll | 
d CH,CH,CCH, + РСІ, —> CH,CH,CCH, 
а 


Predict the major organic product(s) obtained from each of the following reactions. 


а (СН.СН,).СВг + H,O Acetone , 


b [> + CH,CO;Na* HOH, 


с m-CH;C;H,CH,I + NaCN -H:O/EtOH , 


тС: 
HC СО,Н + CH,N, е, 
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11-43 
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Br 
| 
e CH,CHCH,CH, 2 КМУТНЕ, 
2) LiAIH, 
3) H,O+ 
ми 
Е C,;H,CHCH;OCH,CH, Mamm, 
3 
HN c 
е ее (е НО, 


h LiCH,CH,CH,CH,Li + CH;Cl (excess) ne. 


i (HP + Oe нон, 


ў HOCH,CH,CH(OH)CH,OH тышын. 


Вг 
| 
к (R-CH,CH,CHCH, + Nacn МЕ, 


cl 
1 CH,CHCH,CH,CO;K* oe 
m 2CH,CH,I + *Na$—SNa* —> 
Aldehydes can be formed by the hydrolysis of 1,1-dihalides (gem-dihalides). Propose a 
mechanism for the following reaction: 
CsHsCHCh, + H;O —> СёН5СНО + 2HCI 
Provide an explanation for each of the following experimental observations: 
a Substitution for bromide by hydroxide in 2-bromocyclohexyl acetate is considerably 
more rapid for the trans than for the cis isomer. 
b Esterification of 2,3,5,6-tetramethylbenzoic acid cannot be accomplished by the 


usual acid-catalyzed esterification procedure even via its acyl halide. However reac- 
tion with base followed by addition of iodomethane does give a reasonable yield of 


the methyl ester. “ 


Suggest a synthetic sequence for the preparation of each of the following compounds 
from the indicated starting material. Other required organic compounds containing no 
more than three carbon atoms as well as solvents and inorganic reagents may also be 


used. 


a сн, сон е 


b CH4CH;,CH;CH,CH,OCH;CH,CH(CHj), from compounds of three or fewer 


carbon atoms 


t 
c C,H,CHN(CHj, from  C,H,CHO 
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11-45 


*11-46 


о 


1 
JO from [Жен 


In order to avoid the formation of sulfide and also to avoid having to deal with the 
toxicity and the unpleasant odor of H2S during the formation of thiols, the person 
planning a synthesis will often choose the solid compound thiourea as the reagent. 
Suggest a mechanism for this reaction. 


\ 1) ЕЮН/А 
CH4(CH,),CH,Br + Н,МСМН, э NAOH/H,O/A 


Thiourea — 3) H,O* 


| 
CH,(CH,),CH,SH + H,NCNH, 


A colorless liquid A was the major organic product obtained from the reaction of 
dimethylamine and a certain organohalogen compound B. Compound A was purified 
by distillation and subjected to spectral analysis. The mass spectrum showed the mo- 
lecular ion at m/z 131, and elemental analysis provided the following composition: 
С 54.94%, H 9.99%, М 10.68%, О 24.39%. The IR spectrum had a characteristic absorp- 
tion peak at 1730 cm™! (5.75 um). The 'H-NMR spectrum is reproduced in Fig. 11-1. 
a Propose structures for A and B. 

b Write a chemical equation for the preparation of A from B. 


*11-47 Compound A is converted to compound E by the sequence of reactions outlined 
below. The IR spectrum of E shows C—H stretching absorptions at about 3030 ст! 
(3.3 um) and 2900 ст”! (3.5 wm) and a weak peak at 2160 cm^! (4.6 ит), and the 
"H-NMR spectrum has singlets at 1.7, 2.7, and 7.0 ppm with relative peak areas of 
1:2:2. Suggest structures for compounds B through E. 
о NaOD/D,O B 1) NaBH,/Et,O C p-CH4C,H,SO,CI/pyridine 
2) H,O* 
1) LiAIH,/Et,O , Е 
a p 2) H,O* 
FIGURE 11-1 500 > 400 300 200 100 0н 
!H-NMR spectrum 
for Prob. 11-46. 


: 


8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0 -ppm 
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*11-48 The compound whose IR and 'H-NMR spectra are shown in Fig. 11-2 can be obtained 
by the reaction of benzyl bromide (CeHsCHoBr) with a nucleophile. Its PC-NMR spec- 
trum has peaks at 23, 118, 127, 128, 129, and 130 ppm, and the molecular ion of the 
mass spectrum is at 117. Identify the compound. 


FIGURE 11-2 500 400 300 200 100 0 Hz 
IR and ‘H-NMR 
spectra for Prob. 
11-48. 


Wavelength, um. 


H д 
| V 


== 
1800 1600 1400 1200 1000 800 600 


Frequency ст! 
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"11-49 Тһе compound whose IR, 'H-NMR, C-NMR, and mass spectra are shown in Fig. 
11-3 can be prepared from 2-butanone. Identify the compound and show its synthesis. 


FIGURE 11-3 500 400 300 


200 100 0 Hz 
IR, 'H-NMR, 
I C-NMR, and 
mass spectra for 
Prob. 11-49. 
Disappears 
in 0.0 
8.0 1.0 6.0 5.0 4.0 3.0 2.0 1.0 0 6-ppm 
Wavelength, um 
3 4 5 6 7 8 9 10 12 15 | 
| 
И | | 
| |_| 
== 
3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
Frequency -em—1 
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FIGURE 11-3 rr oap Ге Е т BERE Y b 7 od T 
(Continued) 


| 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 5-ppm 


100 


Relative intensity 


398 


12-2 
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12-4 
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12-6 


The Alpha- 
Carbanion— 
Nucleophilic- 
Electrophilic 
Reactivity of 
Carbonyl 
Compounds 


Enols and Enolate Anions 
A. Enolization of Aldehydes and Ketones B. Enolate Anions 


Addition-Dehydration—The Aldol Reaction 
A. Addition B. Dehydration C. Synthetic Utility of the Aldol 
Reaction 


Ester Condensation 
A. The Claisen Reaction B. The Scope of the Claisen Reaction 
C. Ester Enols in Biological Processes 


Fragmentation of Beta-Dicarbonyl Compounds 
A. The Reverse Claisen Reaction B. Decarboxylation 


Alkylation of Enolate Anions f 
А. Active Methylene Compounds B. Alkylation Versus Acylation 
C. Ambident Nucleophiles 


Other Stabilized Carbanions and Carbon Nucleophiles 
А. Cyano- and Nitro-Stabilized Anions B. Ylids 


12-7 


12-8 


12-1 


Summary 
А. Chemistry of Enolates and Enols B. The Reactions of Alpha- 
Carbanions 


Supplementary Problems 


Previous chapters have introduced a wide variety of nucleophilic reac- 
tions. In most of our examples an inorganic or organic reagent forms a bond 
to the electrophilic substrate. We have seen nucleophilic additions to carbonyl 
groups and nucleophilic substitutions at carbonyl groups and at saturated 
carbon atoms. 

But many of the important reactions of aldehydes, ketones, and mem- 
bers of the carboxylic acid family involve nucleophilic reactivity at the carbon 
atom alpha to the carbonyl group. It is possible for many compounds contain- 
ing a carbonyl group to function either as electrophiles at the carbonyl carbon 
or as nucleophiles at the a-carbon atom. Nucleophilic reactivity can be attrib- 
uted to properties imparted to the a-carbon atom by the adjacent carbonyl 


group. 


О 
| 
T3 


a-Carbon atom 


Enols and Enolate Anions 


. Enolization of Aldehydes and Ketones 


The process whereby a hydrogen atom attached to the a-carbon atom of 
a carbonyl compound (the a-hydrogen atom) moves to the carbonyl oxygen 
atom is known as enolization or keto-enol tautomerism (Sec. 7-2C). (The 
term “keto-enol,” though in common usage, is not precise, since aldehydes 
and other groups containing a carbonyl group can undergo this process.) 
Isomeric carbonyl and enol structures are tautomers. The enolization reaction 
rapidly reaches a state of equilibrium, the position of which is indicated by the 
equilibrium constant for tautomerism, Kr. 


[enol] 
Kr = ролу] 
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Normally, the carbonyl form is favored (Table 12-1), but structural fac- 
tors markedly affect Кт. 1,3-Dicarbonyl compounds for example, contain a 
relatively large concentration of the enol form at equilibrium. Some com- 
pounds such as 2,4-cyclohexadienone exist exclusively in the enol form (a 
phenol) because of the important stability associated with the aromatic sys- 
tem (Sec. 7-4D). 


TABLE 12-1 Tautomerization Constants of Carbonyl-Containing Compounds; K; = — (9291) 
(carbonyl) 
Carbonyl Form Enol Forn Kr 
сныссн, CH,=CCH, 2.5 X 10-6 (in water) 
H 
o OH 
EY m. 2.0 x 10-1 (in water) 
Н... 
т онд | 
CH,CCH,COC,H, | | 6.2 X 10-? (pure liquid) 
Axes 
H,C | OC,H, 
H 
[9] H.. 
Р. o^ ? 
CH,CCH,CCH,, Z c 3.6 (pure liquid) 
ГАР” 
Hc. X. сн, 
H 


O OH 
Q Too large to measure 


PROBLEM Suggest one factor which contributes to the enhanced stability of the 
12-1 enol form in 1,3-dicarbonyl compounds as compared with monocar- 
bonyl compounds. 


The interconversion between the carbonyl and enol forms is catalyzed 
by both acid and base. In aqueous acid, rapid protonation of the carbonyl 
group occurs first, then a proton is abstracted from the a-carbon atom аз 
electron reorganization provides the enol. 


Hos une ч m 


Fast 


т.с.5.* 


СН.С-СН, + OH, === CH,C—CH, + H,O* 


ө: 
CH,CCH, + HÖH, 


* Rate-controlling step. 


] 
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In base, abstraction of the a-hydrogen atom is the initial rate-controlling step. 
Proton abstraction from the solvent then completes the enolization process. 


OS 
eo : Less CH, —CH, : дн 
CH,CÉCH, + їон == | + HOH =. CH,C=CH, + ОН 
20: 
сн —ён, 


PROBLEM A conceivable mechanism for keto-enol tautomerism is the intramolec- 
ular shift of the proton from carbon to oxygen. What does the observa- 
tion of acid and base catalysis tell you about this possible mechanism? 


12-2 


B. Enolate Anions 


Carbonyl compounds have considerably greater Brónsted acidity than 
their hydrocarbon analogs (Table 4-2). Whereas hydrocarbons have pK, val- 
ues near 50, esters typically have pK, values of approximately 25 and the pK, 
values of aldehydes and ketones are near 20. 

The proton that accounts for the acidity of compounds containing a car- 
bonyl group is located on the carbon atom alpha to the carbonyl group. Acid- 
ity is attributed to the ability of the carbonyl group to delocalize the negative 
charge of the conjugate base. The conjugate base of a carbonyl compound is 
the resonance-stabilized enolate anion, a species that is also involved in the 
base-catalyzed enolization process (Sec. 12-1A). 


An enolate anion 
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PROBLEM Which of the two resonance structures for the enolate ion of acetone do 
12-3 you expect to make the greater contribution to the resonance hybrid? 
Why? 


Enolate anions take part in many processes of organic chemistry. Halo- 
genation of carbonyl compounds, the substitution for an a-hydrogen atom by 
halogen, is one interesting example of the chemistry of enolate anions. The 
reaction has been carefully investigated and provides us with another model 
of how a mechanism is developed from many different kinds of experimental 


data. 
\ | 
CH,CCH, + Br, SQHALO, сн Ссн„вг 
2-Ргорапопе 1-Bromo-2-propanone 
(Acetone) (a-Bromoacetone) 


The generally accepted mechanism for halogenation of a carbonyl com- 
pound in the presence of base involves two steps. The first is the rate-control- 
ling formation of an enolate anion. Addition of halogen to the a-carbon atom 
takes place in the rapid second step. 


Let us examine the evidence in support of this mechanistic picture: 


1 Kinetic studies show that the halogenation reaction is second-order: first- 
order in the carbonyl compound and first-order in base. The rate-control- 
ling step involves both base and substrate and is biomolecular. 


Rate — { Ye=o] [OH7] 


2 When halogenation takes place on an optically active carbonyl compound 
in which the a-carbon is asymmetric, the reaction product is racemic 
(Sec. 6-5). 

3 Treatment of the optically active compound with base in the absence of 
halogen leads to loss of optical activity in the carbonyl compound. Further- 
more, the rate of loss of optical activity is the same as the rate of halogena- 
tion. 


PROBLEM 
12-4 
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Dependence of the rate of halogenation on the concentrations of car- 
bonyl compound and base, but not halogen, indicates that the halogen is not 
involved in the rate-controlling step. The reaction must proceed by at least 
two steps. 

Formation of a racemic product denotes the involvement of an achiral 
intermediate along the reaction pathway. The enolate anion having a contrib- 
uting resonance structure with a double bond to the a-carbon is that achiral 
Structure. 


p | ө: И 
к-С-с— 
LI ^ 
r-et + OH- — | + H,O 
^ pq 
с=с— 
IR” 2 
Optically active Achiral 


That halogenation and racemization of the carbonyl compound proceed 
at the same rate shows that the two processes share a rate-controlling step. 
That step is formation of the enolate anion. In the presence of halogen а rapid 
subsequent step results in halogenation. When halogen is not available, the 
achiral intermediate reverts to racemic starting material. 


The experimental results for the halogenation of 2-butyl phenyl ketone 
show that the rates of reaction with СІ, Вг», or I; are identical. What 


does this indicate about the rates of the actual halogenation step (the 
addition of the halogen to the enolate anion) in these three cases? 


Acid-catalyzed reactions which take place at the carbon atom alpha to a 
carbonyl group proceed through the enol rather than the enolate anion. The 
exchange of deuterium for hydrogen in acidic deuterium oxide illustrates the 


mechanism. 
у 


205 он OD 
|| + D,O g ] РИ: | + 
CH,CCH, + DOD, CH,C—“CH, + OD, == CH,C=CH, + HOD, 


:OD Gp 
See Gee j ^ 
CH, C- KH, F DOD, == CH,C—CH,D + OD, = CH;CCHD +030 
а-р-Асеіопе 
(1-Deuterio-2-propanone) 
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PROBLEM The halogenation of optically active 2-butyl phenyl ketone proceeds 
12-5 under acidic or basic conditions to give racemic product. Write a mech- 
anism for the reaction in acid consistent with these results. 


12-2 Addition-Dehydration— The Aldol Reaction 


We have represented the enolate anion as a resonance hybrid with major 
contributing structures that possess a negative charge on carbon or oxygen. 
Enolate anions are potential nucleophiles that usually react at the a- 
carbanion. They provide a method for forming carbon-carbon bonds. 

Yet we also know that the carbonyl carbon atom is electrophilic. The 
combination of the two properties—nucleophilicity of the enolate carbanion 
and electrophilicity of the carbonyl carbon atom—leads to an important class 
of synthetic methods known as carbonyl condensation reactions. 


А. Addition 


When acetaldehyde (ethanal) is treated with dilute base, reaction occurs 
to produce 3-hydroxybutanal. The product, a P-hydroxy aldehyde, is also 
known as aldol, and this reaction is the simplest example of the aldol reac- 


tion. 
он 
2CH,CHO N#OHALO , єн CHCH,CHO 
Acetaldehyde 3-Hydroxybutanal 
(Ethanal) (Aldol) 


The aldol reaction shown above is a dimerization; that is, two molecules 
of aldehyde combine to produce one molecule of product. Examination of the 
product structure suggests that the a-carbon atom of one molecule of reactant 
has formed a bond to the carbonyl carbon atom of another. The accepted 
mechanism for the reaction involves addition of the enolate anion from one 
molecule to the carbonyl carbon atom of the other. Our mechanistic descrip- 
tion of the addition step can depict nucleophilic attack by either of the reso- 
nance structures of the enolate anion. 


- О: 
вн, © 
H 
о 
CHC HO: MO | 4 HO 
H à: 
aa 
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:0: о 

| 2 

> CH,CHCH,C; 
2 H 

} ОН 
р) | 72 E 
CH,CHCH;C,. + HOH == CH,CHCH,C. + ‘ОН 

H H 


The carbonyl group of a ketone also can be the electrophilic component 
in the aldol reaction. However, ketones are considerably less reactive than are 
aldehydes. The same steric and electronic factors which we considered earlier 
for carbonyl group reactivity apply (Sec. 8-1). 

Because the aldol reaction is reversible and the equilibrium constant 
normally favors starting materials, dimerization of a ketone is accomplished 
in the laboratory by shifting the equilibrium toward product. A method for 
carrying out the aldol reaction of acetone employs an apparatus (a Soxhlet 
extractor) wherein the acetone is continuously passed through a container of 
barium hydroxide catalyst. As the mixture of acetone and addition product 
leaves the reaction container, the acetone, which has a lower boiling point 
than the product, is vaporized and returned to react. The product remains in 
a distillation vessel from which it is ultimately recovered. 


j 12 
2CH,CCH, 222M — (CH,),CCH,CCH; 
Acetone 4-Hydroxy-4-methyl-2-pentanone 
(bp 56°C) (bp 168°C) 


Mixed aldol reactions may take place when two different carbonyl com- 
pounds are allowed to react with each other. However, rather complex prod- 
uct mixtures may result if each compound reacts with itself as well as with the 
other component. The number of possible products is reduced when one 
component of a mixed aldol reaction has no a-hydrogen atoms and is there- 
fore incapable of forming an enolate anion. Formaldehyde, for example, func- 
tions only as the electrophilic carbonyl component in aldol reactions. 


CH,OH 
(CH,),CHCHO + HCHO MOHALO, (CH,),CCHO 
2-Methylpropanal Formaldehyde Пре propanal 


When a mixed aldol reaction takes place between an aldehyde and a 
ketone, the aldehyde is almost always the electrophile. The lower reactivity of 
a ketone carbonyl group accounts for that result. 
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о OH 
| C,H,NHCH, | 
C;H,CCH,CH, + (CH3),CHCHO =з; EE a 
CH; 
1-Phenyl-1-propanone 2-Methylpropanal 2,4-Dimethyl-3-hydroxy-1-phenyl-1-pentanone 
(Propiophenone) 88% 
о о OH 
А -CHC,H; 
+ CGH CHO) они" ( A 
A 
Cyclohexanone ^ Benzaldehyde dinge е ieciobeanone 
zl 


PROBLEM Show all of the aldol products formed by the reaction of propanal with 
12-6 butanal in aqueous base. 


PROBLEM а Account for the observation that very little product of self-condensa- 
12-7 tion is obtained during the base-catalyzed reaction of equimolar 
quantities of 2-methylpropanal and formaldehyde. 
b Propose a mechanism for this mixed aldol reaction. 


B. Dehydration 


The B-hydroxycarbonyl products obtained from aldol reactions are con- 
verted to a, B-unsaturated carbonyl compounds on heating in acid or base. 
The loss of water, an elimination reaction (Sec. 4-2B), is favored by formation 
of a more stable conjugated system. 


OH 
| ^ 2 
CH,CHCH,CHO Жэ ОЛО, Cu сн. cHCHO + H,O 
Aldol 2-Butenal 
(Crotonaldehyde) 
An а,В- 
unsaturated 
aldehyde 


The f-hydroxycarbonyl product of an aldol reaction can be isolated 
when the reactants are simple aldehydes or ketones. But conditions of the 
reaction are often sufficient to cause dehydration as the initial product forms. 
If the a, B-unsaturated product is particularly stable, as when a benzene ring 
becomes part of the conjugated system, the unsaturated compound is nor- 
mally the only product isolated. 
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OH 

2CH,CH,CHO Монино CH,CH,CHCHCHO Hot er OR AMO, 
CH, 
Propanal 3-Hydroxy-2-methylpentanal 
60% 
CH,CH,CH-CCHO 
CH, 
2-Methyl-2-pentenal 
= 100% 
C,H,CHO + CH,CH,CHO MCE/EOH 
Benzaldehyde Propanal 
он 
Сањенснсно| — CH,CH-CCHO + но 
CH; CH, 
(Not isolated) 2-Methyl-3-phenyl- 
2-propenal 
68% 
9 он о 

C,H,CHO + CH,CCH, монлы, C;H,CHCH;CCH, | —> 
Benzaldehyde Acetone (Not isolated) 


I 
C,H,CH—CHCCH, + H,O 
4-Phenyl-3-buten-2-one 

(Benzalacetone) 
78% 


PROBLEM The self-condensation of 2-methylpropanal can be made to take place 
12-8 by warming the basic reaction mixture. However, only the aldol prod- 


uct is obtained, rather than ап o;,fj-unsaturated carbonyl product, even 
under these normally dehydrating conditions. Explain this result. 


C. Synthetic Utility of the Aldol Reaction 


The aldol reaction is one of the important synthetic procedures involv- 
ing carbonyl compounds. The examples we have seen in this section repre- 
sent typical laboratory preparations. The reaction also has many industrial 
applications. Propenal (acrolein), a starting material in numerous industrial 
processes, can be prepared by the mixed aldol reaction of formaldehyde and 


acetaldehyde. 
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HCHO + CH,CHO Sodium silicate, CH —CHCHO 
Formaldehyde ^— Acetaldehyde Е Propenal 
(Acrolein) 
Pseudoionone, an intermediate in the synthesis of vitamin A (Sec. 20-4D) and 
some perfume fragrances, is prepared by a mixed aldol reaction between ace- 
tone and the natural oil citral. 


о о 
Зм чуу iE dc моныно, > 


Citral Acetone Pseudoionone 
(Oil of lemon grass) 


PROBLEM The base-promoted reaction of citral with 2-butanone leads to two 
12-9 structurally isomeric methylpseudoionones. Suggest structures for 
each of these products and account for their formation. 


The aldol reaction has been broadly utilized for the formation of five- 
and six-membered rings. When steric factors are not a problem, the favorable 
entropy associated with intramolecular cyclization is advantageous. One step 
in the Robinson annelation reaction used in steroid synthesis (Sec. 16-2B) is 
an aldol cyclization. 


o [е] 
r NaOEt/EtOH ioe 
— 
О [ө] O 
70% 


Enzyme-catalyzed aldol reactions play a role in many biological proc- 
esses. In Chap. 15 we will see that reaction between glyceraldehyde 3-phos- 
phate and 1,3-dihydroxyacetone phosphate is a key step in both the forma- 
tion and the degradation (metabolism) of carbohydrates. 


?-0,POCH,CHOHCHO + A sie ees 
Glyceraldehyde 13-Dihydroxyacetone 
3-phosphate phosphate 
7 
?-0,POCH,CHOHCHOHCHOHCCH,;OPO$- 
Fructose 1,6-diphosphate 


The synthetic utility of aldol reactions derives from the formation of new 
carbon-carbon bonds, i.e., the building of a carbon skeleton. Processes of this 
typeare often referred to as construction reactions. Like the Grignard synthe- 
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sis (Sec. 8-5C), the aldol method produces a compound possessing functional 
groups which can be used in further transformations. 

When considering an aldol or any other reaction for a synthesis se- 
quence, we must recognize what structural unit the method produces. The 
addition-elimination sequence of the aldol reaction leads to an а,В- 
unsaturated carbonyl group in which the carbon atom alpha to one carbonyl 
group (the nucleophile) has replaced the oxygen atom of another carbonyl 
group (the electrophile). 


1] 


y | N 
a0 +H—C—C. > > ait E 


m 


For example, if a compound possessing the 2-cyclopentenone structural 
unit is required, we recognize that the cyclic structure might be prepared by 
an intramolecular aldol reaction in which the carbon-carbon double bond is at 
the position of ring closure. 


о [9] 
OD = CE 


A typical synthesis may involve many steps. The chemist must recog- 
nize what net structural change is accomplished by each individual step as the 
total sequence is developed. Consider the synthesis of 2-benzylidenyl-1- 
phenylcyclohexanol. This rather complex looking molecule can be prepared 
by a two-step synthesis using inexpensive compounds available in any chemi- 
cal laboratory. 

CH. 


OH 
ў PA 


2-Benzylidenyl-1-phenylcyclohexanol 
(The target molecule) 

The first step is to distinguish structural features that can provide a clue 
to what the required reactions are. For instance, the tertiary alcohol can be 
prepared from a ketone by a Grignard reaction with phenylmagnesium bro- 
mide. 

О 
CH, OH 
CHC,Hs Ў СНС;Нь 


уко 
+ ©НЬМрВг эн ci7H,0 


The o, B-unsaturated ketone required for this step сап be prepared by an aldol 
reaction between benzaldehyde and cyclohexanone. 
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PROBLEM 


12-10 


о 


о 
CHC,H, 
4 CH,CHO NaOH/H,O 


These two reactions enable the desired product, the target molecule, to 
be prepared in two steps beginning with three readily available chemicals: 
benzaldehyde, cyclohexanone, and the phenyl Grignard reagent. Note that 
the order in which the two reactions are carried out is critical. If the Grignard 
reagent were added to cyclohexanone first, the product (1-methylcyclohexa- 
nol) would not undergo the aldol reaction with benzaldehyde, for there 
would no longer be the opportunity to form an enolate anion. 

In the example above, the ketone group of the aldol product was 
masked by the subsequent Grignard reaction. With practice, we will learn to 
recognize that a hydroxy group on the carbon atom alpha to a double bond 
might have originated as the carbonyl group from an aldol reaction precursor. 
It is often useful to work a synthetic problem backward, i.e., to begin with the 
target molecule and determine how it might be formed. As our storehouse of 
chemical reactions expands, the problems of dissecting a synthesis will be- 
come more complex—and the results more exciting (Chap. 20). 


Formulate an aldol reaction to synthesize each of the following com- 
pounds: 


OH 


a C,H,CH=CHCHO e (Сусе 


о 
| 
b сң,ссн=ссун, он 
бн, Е C,H,CHCH,CHCHCHO 


UT CH, CH, 


c (CH), CCHCH,CHO 9 
в C,H,CH—CHCCH—CHCGH, 


он о 
4 снусн,снсн,Ссн, он 
CHCH, 


* Another reaction in addition to the aldol is required. 
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12-3 Ester Condensation 


Section 12-2 considered reactions of enolate anions with the carbonyl 
group of aldehydes and ketones. We saw that reactions follow the pathway 
typical for those carbonyl compounds—nucleophilic addition to the carbonyl 
carbon atom. 

Although the acidifying effect of an ester carbonyl is less than that of an 
aldehyde or ketone (Sec. 12-1B), ester enolates also function as carbanion 
nucleophiles. Their reactions with ester carbonyls are typical of the reactions 
of the carboxylic acid family—nucleophilic substitution. 


. The Claisen Reaction 


When ethyl acetate is treated with sodium ethoxide, the В-Кею ester, 
ethyl acetoacetate, is formed. The product arises from the combination of two 
molecules of ester. 


| 
2CH,CO,C,H, 2 pornon CH,CCH,CO,C,H, + CH,OH 
Ethyl acetate ү Ethyl acetoacetate 
(Ethyl 3-oxobutanoate) 
30% 


Comparison of the structures of products and reactant reveals that the carbon 
atom alpha to the ester carbonyl in one molecule has formed a bond to the 
carbonyl carbon atom of a second molecule of ester. The process looks very 
similar to the aldol reaction. 

Esters possessing a-hydrogen atoms form ester enolate anions, and 
those enolates can function as nucleophiles. When the electrophilic partner in 
such a reaction is another ester carbonyl group, nucleophilic substitution 
takes place. The process is known as the Claisen reaction. The reaction is 
referred to as a condensation by analogy with the aldol reaction since two 
molecules combine and a small molecule (in this case alcohol) is expelled. 

The Claisen condensation reaction involves a series of equilibria. Inter- 
estingly, formation of the new carbon-carbon bond is not thermodynamically 
favorable. Let us examine the steps involved in the sequence to see why 
product can be isolated. 


i 
осун, 
1 CH,CO,C,H, + C;H,O:- OBS | + C,H,OH 
ru 
CH= 
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фо. = cie 
2 CHC Е CH,CO,C;Hs === en СОС 
OCH; Сосн, 
i E: 
CH,CCH,CO,C,H, + C;H,O:- 
[sor 6 7 
| = VA 
CH,C—CH—C 
осн, 
ер о fe) | 
] Е. I as 
з CH,CCH,CO,C;H, + C,H,O :- = |CH;C—CH=C. + C,H,OH 
R OC;H, 
:0: =. 
| 78 
CH,C—CH—C; 
L OC,H; 
J 


Formation of the ester enolate anion is an unfavorable equilibrium reac- 
tion since alkoxide is a weaker base than the enolate. Only a low concentra- 
tion of enolate forms. Acylation (step 2) actually leads to the product; how- 
ever, this reaction is predicted to have an equilibrium constant near 1 and is 
reversible (Sec. 9-1). A third step, reaction of the В-Кею ester with the alkox- 
ide generated from the substitution, leads to the enolate anion of the product. 
The В-Кею ester is the most acidic molecule in the sequence because two 
carbonyl groups stabilize the common a-carbanion (Sec. 12-5A). The equilib- 
rium reactions are shifted toward that anion because of its stability. In prac- 
tice, the neutral B-keto ester product is recovered through acidification of the 
reaction mixture. 

The importance of formation of a final enolate anion is illustrated by the 
failure of ethyl 2-methylpropanoate to undergo the Claisen reaction when 
sodium ethoxide in ethanol is used as the base. This ester possesses only one 
a-hydrogen atom. Acylation of one molecule by another leads to а В-Кею 
ester without any hydrogen atoms located between the carbonyl groups. А 
final enolate anion cannot be formed under the reaction conditions, and the 
equilibrium favors starting materials. 


\ 
(СНз).СНСС(СН:), 


2IGH,).CHCO,C.H, , “ОМОН 
CO,C;H; 
Ethyl 2-methylpropanoate Claisen product 


is not isolated 
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PROBLEM Indicate how each of the following experimental results supports the 
12-11 mechanism proposed for the Claisen reaction of esters. 


a When optically active methyl 2-phenylpropanoate is treated with 
potassium methoxide in methanol, the ester racemizes more rapidly 
than condensation occurs. 


b When ethyl acetate reacts with sodium ethoxide in ethanol-OD, deu- 
terium accumulates in the ethyl acetate more rapidly than Claisen 
condensation takes place. 


B. The Scope of the Claisen Reaction 


Irrespective of the poor yield noted in the condensation of ethyl acetate 
(Sec. 12-3A), the Claisen reaction is a widely employed synthetic procedure. 
One method for improving the yield is to further shift the equilibrium by 
removing the alcohol product through distillation. Ethyl acetoacetate can be 
produced in about 75 percent yield using this technique. 


| 
CH,CO,C,H, 208 __, CH,CCH,CO,C,H, + C;H,OH 
3- 2-275 3 НОАС/Н,О 
Ethyl acetate Ethyl acetoacetate (Remove as 
75% formed) 


1) NaOBu-i 


CH,CO,CH,CH(CH)) зунолуно 


Isobutyl acetate 


О 
| 
CH,CCH,CO,CH,CH(CH,), + (СНз),СНСН,ОН 


Isobutyl acetoacetate (Remove as formed) 
71% 


о 
|| 
CH,(CH,),CO,CH, 298, cH,(CH,),CCHCO,C,H, + C,H,OH 


2) HO* 
CH,CH,CH,CH, 


Ethyl hexanoate Ethyl 2-butyl-3- (Remove as 
oxooctanoate formed) 


PROBLEM Why is the alkoxide base which is used in the Claisen condensation 
12-12 reaction usually the conjugate base of the alcohol portion of the ester; 


that is, why is methoxide used with methyl esters, ethoxide with ethyl 
esters, etc.? 
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Another approach to enhancing yields in ester condensation reactions is 
to employ a sufficiently strong base to make the first step in the reaction 
essentially irreversible. Bases such as sodium hydride, sodium amide (sodam- 
ide), and lithium diisopropylamide (LDA)—the conjugate bases of hydrogen, 
ammonia, and diisopropylamine—have been employed. This technique al- 
lows a fair yield of product to be obtained even in the self-condensation of 
ethyl 2-methylpropanoate. 


ee) 
РІ p~ 
Se 
NaH COES H, 
С.Н, 
ог ог 
(CH,),CHCO,C,H, + | NaNH; TA | + | мн, 
or or 
[(CHj,CH],NLi pi" ((CH,),CH],NH 
(CH,),C=CC 
OCH, 
(Сна): С—С) 
осун, 2 
| + (CHj,CHCO,C,H, £22, (CHJ,CHCC(CH)) + CHO: 
ài- CO,GH; 
сыс-< AM p 
OC,H, 


Diesters are often capable of undergoing intramolecular ester condensa- 
tion. Formation of cyclic В-Кею esters, known as the Dieckmann reaction, is 
useful in the formation of five- and six-member rings. 


C,H,O,C(CH,),CO,C,H, PEE CO,C,H, + C,H,OH 
s 
Diethyl hexanedioate 2-Carboethoxycyclopentanone 
(Diethyl adipate) 81% 
СН; сн, CO,C,H, + C,H;OH 
C,H,O.C(CH,),CHCO,C,H, + NaH En 
Х 
Diethyl 2-methylheptanedioate 2-Carboethoxy-6- 
етот 


Attempts to carry out mixed (crossed) Claisen reactions using two differ- 
ent esters often lead to mixtures of all possible condensation products. How- 
ever, if one of the esters has no a-hydrogen atoms, it cannot function as the 


PROBLEM 
12-13 
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nucleophile and the mixed ester condensation can be synthetically useful. 
Formates, oxalates, carbonates, and benzoates are electrophiles commonly 
used in this approach. 


CO;R 9 
HCO,R CO,R ROCOR C,H,CO;R 
Formates Oxalates Carbonates Benzoates 


1) NaOEt/EtOH 
C,H,O,CCO,C,H, + CH,CH,CO,C,H, ion А 


Diethyl ethanedioate Ethyl propanoate 
(Diethy! oxolate) 


|| 
©н,;о,ссснсо,сун, + CHOH 


CH; 
Diethyl 3-methyl-2- 


oxobutanedioate 
70% 


О 
| 
€H,CO,CH, + CH,CH,CO,CH, 2 МНС, c,H, cHCO,CH, + CH,OH 


2) HjO* 
Methyl benzoate Methyl propanoate H 
3 
Methyl 2-Methyl-3-phenyl- 
3-oxopropanoate 
56% 
1) NaOEt/EtOH 
HCO,G;H; + С6Н5СН,СО,С,Н5 —— OHCCHCO,C,H, + CH,OH 
s 
C. Hs 
Ethyl formate Ethyl phenylacetate Ethyl 2-formyl-2-phenylacetate 
90% 


Draw the structural formulas and provide names for all the condensa- 
tion products expected from the reaction of ethyl propanoate with ethyl 


butanoate in sodium ethoxide-ethanol followed by addition of dilute 
acid. 


Formation of the ester enolate salt in a separate initial step of the reac- 
tion sequence is another method for obtaining the product of a mixed Claisen 
reaction. A strong base such as lithium diisopropylamide is commonly used, 
and in some cases the enolate salt is actually isolated. The acyl fragment is 
often introduced as an acyl chloride in this approach to preparing f-keto 


esters. 
CH,CO,C,H, PATE, Li*CH,CO,CHs 
Ethyl acetate 


О 
ра 1) ТНЕ | 
CH,CH,COCI + Li*CH,CO,G Hs унеуню” СН:СН:ССНгСО:С:Нь 
D Ethyl Е 


Ргорапоу! chloride 
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PROBLEM 
12-14 


PROBLEM 


12-15 


PROBLEM 


12-16 


One experimental technique for minimizing self-condensation of the 


enolate component in the mixed Claisen reaction using two esters as 
reactants is to utilize a strong base. What is the basis for this approach? 


А balance between acidities of а hydrogen atoms allows good yields to 


be obtained in the condensation reactions between esters and ketones. The а 
hydrogen atoms of ketones are normally more acidic than those of esters 
(Sec. 12-1A). When a mixture of an enolizable ketone and an enolizable ester 
is treated with base, the ketone enolate is favored in the acid-base equilibrium 
and is the predominant nucleophile in the reaction mixture. Substitution of 


that ketone enolate on the ester carbonyl group produces a 1,3-diketone (a 
B-diketone), the most acidic of the four possible products that might be 
formed from the reactants. 


|| T 1 
CH,CO,C;H, + CH,CCH, Мань, : 


MES CH,CCH,CCH, 
Ethyl acetate Acetone Ü 2,-Pentanedione 


Acid-catalyzed acylation of ketones, though not as common as the basic 
reaction, can be a synthetically useful process. The reaction apparently 
proceeds through the ketone enol. Suggest a mechanism for the reac- 
tion of acetone with acetic anhydride in the presence of the Lewis acid 
ВЕ.. 


CH la, + (CH,CO),0 08%, T Bh _, CH dcn, 


Write the chemical equation for the reaction which occurs when each of 
the following compounds i is treated with sodium ethoxide in ethanol 
and dilute acid is then added in the work-up. 


a Ethyl 2-methylpentanoate. 

b Ethyl 3-methylpentanoate. 

c 2-Methylcyclohexanone and ethyl formate. 

d Acetophenone and ethyl 2-methyl propanoate. 


e Ethyl cyclobutylacetate and diethyl carbonate. 
f Diethyl 3,4-dimethylheptanedioate 
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C. Ester Enols in Biological Processes 


Many important biological processes involve formation of new bonds at 
the alpha-carbon atom of an ester. Most often the nucleophile is derived from 
a thioester of coenzyme A (Sec. 9-2D). Although thioesters have more acidic 
a-hydrogen atoms than have normal esters, biological systems are not suffi- 
ciently basic to produce enolate anions. It is more likely that an enzyme cata- 
lyzes formation of a reactive enol form or aids in removal of an a-hydrogen 
atom as a new bond to carbon is formed. 

Acetyl coenzyme A is a key reactant in the biosynthesis of terpenes 
(Sec. 23-2B), steroids (Sec. 23-3B), and fatty acids (Sec. 23-1B). The first step in 
building up the carbon skeleton of these important compounds is an enzyme- 
mediated Claisen-like reaction between two molecules of the thioester. 


7p {2 
2CHy DENT, CH,CCH,C o HSCoA 
SCoA SCoA 
Acetyl coenzyme A Acetoacetyl coenzyme А Coenzyme A 


Another example of the role of thioester enols is found in the Krebs 
tricarboxylic acid cycle (Sec. 21-5B). The nucleophile is derived from acetyl 
coenzyme A, and the electrophile is a keto acid, oxaloacetic acid. The reaction 
is energetically favorable because of the departure of the good leaving group, 
coenzyme A. Citric acid and coenzyme A are the products of this biologically 
important step in respiration. 


1 2 
HO,CCH,CCO,H + CHC аме нк, 
SCoA 4 
Oxaloacetic acid Acetyl coenzyme A 
(2-Oxobutanedioic acid) 
он 
HO,CCH,CCH,CO,H + HSCoA 
CO,H 
Citric acid 


(3-Carboxy-3-hydroxypentanedioic acid) 


In the laboratory we would have expected condensation between an 
ester and a ketone to involve the ketone as the nucleophile and the ester as 
the electrophile. For this aldol-like step of the Krebs cycle an enzyme (citrate 
synthase) is believed to promote the enolization of acetyl coenzyme A and its 
subsequent reaction as the nucleophile. 


2 ,0H 
сн Citrate synthase CHC 
SCoA *SCoA 
HO,CCH,C + СНС > » products 


CO;H SCoA 
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12-4 Fragmentation of Beta-Dicarbonyl Compounds 


B-Keto esters may undergo a fragmentation which is essentially the re- 
verse of ester condensation. The process can be troublesome during a Claisen 
synthesis when the equilibrium favors reactants rather than products. How- 
ever, cleavage may be useful when the В-Кею ester is prepared by another 
route. A closely related fragmentation reaction is the decarboxylation of В- 
keto acids in which the loss of CO? produces a ketone. 


A. The Reverse Claisen Reaction 


We have seen that one type of driving force for the ester condensation 
reaction is formation of the enolate anion of the B-keto ester product (Sec. 
12-3A). When this product anion cannot form, the reverse reaction will nor- 
mally control the process. The alkoxide displaced in formation of the initial 
adduct adds back to the ketone carbonyl and leads to fragmentation and 
regeneration of the reactants. 


О: С) jo: (CH, 5 
-— 2 vie ey RS Те 
QS row Сс, I OM ; 
Cee cans CHO CH, ОСгН» 
= y2 
(СНС 
72g осн, Кел > 
CH + | SPP. (CH), CHCI FG H,O:- 
OC;H; E OC;H, 
@:- 
© 
(CH) C=C 
осн, 


When a В-Кею ester is treated with aqueous hydroxide, ester hydrolysis 
(saponification) or a reverse Claisen type of cleavage can occur. Ring-opening 
cleavage is common when the substrate is cyclic. In such cases ester hydroly- 
sis is best accomplished using dilute acid. 


COH 


+ CH,OH 
S ai ata CH,C4Hs 
2-Benzyl-2- 
CO,C.H, Ce ape anon 
CH,C;H; 


VEA 1) NaOH/H,O 
carboethoxycyclopentanone 2) H,0* 
HO,C(CH;),CHCO;H + C,H,OH 


C,H,CH; 
2-Benzylhexanedioic acid 
90% 
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Cleavage of B-diketones takes place in a similar way. In all these hy- 
droxide-promoted cleavage reactions, the sequence is favored by formation of 
a stable carboxylate anion. 


СН; 
о o 
+ 
+ NaOH 9/5, cH.CH,CO(CH;),CO,-Na* 22°, 
2-Methyl-1,3-cyclohexanedione 
CH,CH,CO(CH,),CO,H 
5-Oxoheptanoic acid 
о 78% 
ОСН; 
1) H,O/A 
+ NaOH HOF? CH;CO(CH,);CO,H 
2-Acetylcyclohexanone 7-Oxooctanoic acid 

64% 


PROBLEM a Suggest a mechanism for the cleavage of 2-acetylcyclohexanone with 
12-17 sodium hydroxide to form 7-oxooctanoic acid. 


b Low yields of cyclohexanone and acetic acid also form in this reac- 
tion. Indicate how these products might arise. 


B. Decarboxylation 


The loss of carbon dioxide from a carboxylic acid is an exothermic proc- 
ess. Yet most simple acyclic carboxylic acids do not decarboxylate, even on 
heating. The activation energy (Sec. 5-2) is usually so great that the rate of 
reaction is negligibly slow. However, when the carboxylic acid group is lo- 
cated at the position beta to a carbonyl group (a B-keto acid), decarboxylation 
readily occurs with only mild heating. Reaction is favorable because an enol 
forms through a six-membered cyclic pathway. 


H 
WAG i 
oet us — ш + СО, 


VN. | 


А Beto acid 
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PROBLEM Use the average bond energies of Table 2-4 to calculate AH? for the 
12-18 decarboxylation reaction: 


RCO;H —> RH + CO; 


PROBLEM 
12-19 


The decarboxylation of acetoacetic acid in the presence of bromine 
gives 1-bromo-2-propanone. It was shown that the rate of decarboxyla- 
tion does not depend on the bromine concentration and that the ob- 
served bromination does not occur after formation of the potential 
ketone product (2-propanone). Discuss the general decarboxylation 
mechanism in relation to these results. 


(0) О 
сн. (сн CO,H 95 l 
А COH ^» BrCH,CCH, + CO, 


Decarboxylation of 8-keto acids ог gem-diacids (1,1-diacids) is often а 
useful synthetic method for removing a terminal carbon atom. Since В-кею 
esters or gem-diesters are the usual precursors to those carboxylic acids, the 
decarboxylation reaction is commonly used subsequent to Claisen and related 
enolate condensation reactions. The ester participates as an acidifying group 
in formation of the enolate anion required for condensation and then is hy- 
drolyzed and removed in a subsequent decarboxylation step. We will learn 
that a very important part of synthesis strategy is to use a functional group to 
direct one step, then to change or remove that group in subsequent steps. 

Acid-catalyzed hydrolysis and decarboxylation can be accomplished 
without isolating the carboxylic acid. When base-promoted ester hydrolysis is 
employed, acidification of the carboxylate salt is necessary before decarboxyl- 
ation is accomplished by heating. 


1) LDA/THF 1) NaOH/H,O 
CH;(CHj),CH;CO,C;H; 3c8cod CHs(CH2)FHCO2CoHs 2) H,O+/A 
Ethyl hexanoate COCH. s 


CH,(CH;),COCH, + CO, + СНОН 


2-Heptanone 
61% 


(H;C,0,C)>CHCH,CH(CO,C,H,), поно, [(HO,C),CHCH,CH(CO,H),] —> 


Diethyl 2,4-dicarboethoxypentanedioate (Not isolated) 


HO,C(CH,),;CO,H + 2CO, + 2С:Н:ОН 


Pentanedioic acid 
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CO,CH; CH,CH,CH,Br 
H 
CH,CH,CH,Br 20°, + CO, + C,H,OH 
2-(3-Bromopropyl)-2- 2-(3-Bromopropyl)cyclopentanone 
carboethoxycyclopentanone 80% 


PROBLEM Why do f--keto acids decarboxylate more readily than gem-diacids (1,1- 
12-20 diacids)? (Consider the enol intermediate.) 


Decarboxylation is not limited to carboxylic acids with a carbonyl group 
at the beta position. Any group capable of accommodating the electron pair 
from the bond to the carboxy group is effective in promoting the loss of CO». 


м 
{У бкон E (yeu BUCO 


2-Cyano-2-cyclohexylethanoic acid И 
91 


PROBLEM Suggest a mechanism for the decarboxylation of 2-cyano-2- 
12-21 cyclohexylethanoic acid. 


PROBLEM Provide a name and structural formula for the major organic product in 
12-22 each of the following reactions: 


a CH,CH=CHCH=CHCH(CO,H), ae 


[o 
CH; KOCH, 
CH,C,H; 
[o 
CH, 
c C,H,COC—cO,CH, He 
Hs 


d O,NCH,CO,H >> 
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о 
| 1) NaOH/H,O 
2 
e ( У%исос, eve 


KOH/H,O 


CO,C,H, 


CH, 


12-5 Alkylation of Enolate Anions 


Carbanions stabilized by adjacent electron-withdrawing groups are 
among the most useful synthetic reagents available to the organic chemist. 
We have seen the importance of enolate anions for nucleophilic additions 
(Sec. 12-2) and substitutions (Sec. 12-3) at carbonyl carbon atoms. In this 
section we will learn that enolate anions are also effective nucleophiles for 
substitution at saturated carbon atoms. 


. Active Methylene Compounds 


Formation of the enolate anion is relatively simple when two adjacent 
groups can stabilize the negative charge. Compounds that possess two ester 
or other electron-withdrawing substituents connected to methylene—known 
as active methylene compounds— possess pK, values less than those of water 
and alcohols (Table 12-2). 

Diethyl malonate (malonic ester) and ethyl acetoacetate (acetoacetic 
ester) are two active methylene compounds that have been used extensively 
as nucleophiles in synthesis. Reactions are initiated by treating the potential 


TABLE 12-2 Acidities of Some Active Methylene 


Compounds 
Substrate Name рк. 
CH2(CO2C2H5)2 Diethyl malonate 13 
(malonic ester) 
CH3COCH;CO;C;Hs Ethyl acetoacetate 11 
(acetoacetic ester) 
(СМ)›СН» Маюпоп йе 11 
(dicyanomethane) 
(CH3CO)j; CH; 2,4-Pentanedione 9 
(acetyl acetone) 
NCCH;CO;C;Hs Ethyl cyanoacetate 9 


(NO 2)2CH> Dinitromethane 4 
Е ae e 


PROBLEM 
12-23 
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nucleophile with an appropriate base. When the substrate is an ester, the 
alkoxide corresponding to the alcohol portion of the ester is commonly em- 
ployed to form the enolate anion. The alkylating agent (electrophile) is then 
added to the reaction mixture. 


CH,C—CH—C—OC,H, 


| 


о 1 
[| :O:- 10: 

CH,CCH,CO,C,H, + NaOC,H, “#8, eC Har , 

CH,C=CH—C—OC,H, 


Ethyl acetoacetate 

(Acetoacetic ester) | 

0: E 9 {7 
CH,C—CH=C—OC,H, 


о 
| 
CH,LCHCO,C,H, 


CH,CH,CH,CH, 
Ethyl ое 
7 


NaOEt/EtOH 
CH,(CO,C;Hs), ANE CH,CH,CH,CH,CH(CO,C,H,), 
Diethyl malonate 4 Ethyl 2-carboethoxyhexanoate 


(Malonic ester) 


Lj $$ 
Bi» CH, лет CH,CCHCCH, 
CH, 


2,4-Pentanedione лено 
(Acetylacetone) 75 


Propose a mechanism for the formation of 3-methyl-2,4-pentanedione 


from 2,4-pentanedione, potassium carbonate, and iodomethane. 


When two acidic hydrogen atoms are available on the same carbon 
atom, mono- and dialkylation are possible. Control of the quantities of reac- 
tants allows dialkylation with the same reagent or successive monoalkylation 
with two different materials. 
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j iun I 
) KOC,H,/C,H,OH 
CH,CCH,CO,C,H, yar aS CH,CC(CH,CH,CH,CH,), 
CO,C,H, 


(Excess) 
Ethyl acetoacetate Ethyl 2-acetyl-2-butylhexanoate 
70% 


1) NaOEt/EtOH 1) NaOEt/EtOH 
CH;(CO,C.H;), recoge (CHj)J,CHCH(CO;C;H;), ICTU M 


Diethyl malonate 


CH,CH, 


(CH;),CHC(CO,C;H,), 


Diethyl ethylisopropylmalonate 
46% 


These alkylation reactions typically proceed by an S42 mechanism. Thus 
the limitations we learned earlier about $2 reactions (Sec. 10-3) also apply. 
Reactions proceed best when the alkylating agent is primary. Tertiary sub- 
strates generally undergo elimination promoted by the enolate anion func- 
tioning as a base (Sec. 11-3A). 

Decarboxylation (Sec. 12-4B) of the alkylated product broadens the syn- 
thetic utility of ester enolate alkylation reactions. When ethyl acetoacetate is 
alkylated, the -keto ester produced can be hydrolyzed and the resulting 
В-Кею acid decarboxylated to give a substituted acetone. The analogous se- 
quence with diethyl malonate gives substituted acetic acids. The two alterna- 
tive methods used to accomplish the decarboxylation step are (1) saponifica- 
tion of the ester followed by warming in acid and (2) heating the ester in 


dilute acid. 
| ЇЇ 
сн;сснсо,С,н, ошно. CH. CCHCO;K* BAO. 
CH,CH,CH,CH, CH,CH,CH,CH, 


Ethyl 2-acetylhexanoate 


(From ethyl acetoacetate 
alkylation) 


|| 
CH,CCH,CH,CH,CH,CH, + СО, 


An acetone unit 


2-Heptanone 
90% 
HCI/H,O 
CH,CH,CH;CH,CH(CO;C;H,), 90, CH,CH,CH,CH,CH,CO,H, + СО, 
Ethyl 2-carboethoxyhexanoate An acetic acid unit 
(From diethyl malonate Hexanoic acid 
alkylation 75% 


Dialkyation of an enolate anion with a dihaloalkane is an excellent route 
to cyclic products. The second step, an intramolecular alkylation, is favored 
over reaction with a second molecule of the alkylating agent. 
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1) NaOEt/EtOH NaOEt/EtOH 
CH,(CO,C;H;), эзсн,снусн,В‹” BrCH,CH,CH;CH(CO,C;H;), ===» 


Diethyl malonate 


CO „ 2) NaOH/H,O 
<> (СОСН) нод > CO,H 
67% Cyclobutane- 
carboxylic acid 
44% 
I T 
1) NaOEt/EtOH 
—————————э 
CH,CCH,CO,C,H; 2) BrCH,),Br CCH, 
3) H,O+/4 
Ethyl acetoacetate Cyclopentyl methyl ketone 


PROBLEM Suggest a synthetic sequence for the preparation of each of the follow- 
12-24 ing compounds beginning with ethyl acetoacetate or diethyl malonate 
and any other organic compounds with five or fewer carbon atoms. 


a (СН,СН,),С(СО,С,Н,), 


о 
b куры. с сеси ( ) 


H; 


d Oon 


B. Alkylation Versus Acylation 


We studied the acylation of ester enolate anions by the important 
Claisen reaction in Sec. 12-3. In the previous section we considered alkylation 
of ester enolate anions. How is the chemist able to accomplish alkylation by 
using reaction conditions that appear to be similar to those which promote 
ester acylation? 

Acidity differences govern whether alkylation or acylation will be the 
important reaction for an ester. If acylation is to occur, neutral ester (the 
electrophile) must be present along with the enolate anion (the nucleophile). 
These are the usual conditions of the Claisen reaction, in which weakly acidic 
monoesters are normally employed. In an alcohol-alkoxide medium the posi- 
tion of equilibrium between neutral ester and enolate anion actually favors 
the ester (Sec. 12-3A). Both reactants are available in the equilibrium 
mixture. 
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Electrophile Nucleophile 


Acidity is much greater when the carbanion is stabilized by two carbonyl 
groups, as for example with the active methylene compounds. Almost all of 
the ester is converted to enolate anion in the presence of an alkoxide base, so 
that there is essentially no neutral ester present to function as the electro- 
phile. The electrophile is provided by addition of an alkylating agent. 


Compounds possessing only one acidifying group can also be alkylated. 
It is necessary to use a sufficiently strong base to convert all of the substrate to 
anion, and then to add the alkylating agent. Today, chemists have many 
strong bases available for forming enolate anions in high yield. One of those 
most widely used is lithium diisopropylamide (LDA), the conjugate base of 
diisopropylamine. Lithium diisopropylamide is sufficiently basic to form 
enolates from almost any carbonyl-containing compound, yet it is sufficiently 
bulky to minimize its potential nucleophilic reactivity. 

The base is usually prepared by treating diisopropylamine with one 
equivalent of butyllithium in an aprotic solvent such as tetrahydrofuran (THF) 
or 1,2-dimethoxyethane (DME). 


[(CH,)sCH],NH + »-C,H,Li A [CHCH] N ^Li* + С,Н,, 
Diisopropylamine Butyllithium Lithium кту шш Butane 


Reactions are commonly carried out at low temperatures in an inert atmos- 
phere of nitrogen or argon to prevent contact with water vapor, oxygen, and 
carbon dioxide from the air. The solvent medium must be free of water or 
other substances which are sufficiently acidic to destroy the strong base. 
When two different enolate anions can be formed, product from the less- 
substituted carbanion is favored. 


готы iLi* 
CH; CH, CH; 
LDA/DME* y C,H,CH,Br 
—20°С 
2-Methylcyclohexanone 
о 
CH, CH,C,H; CH; 
+ CH,CH; 


2-Benzyl-6- 2-Benzyl-2- 
methylcyclohexanone methylcyclohexanone 
65% 6% 
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C. Ambident Nucleophiles 


The enolate is an ambident anion (Sec. 10-3B) with the negative charge 
delocalized between the oxygen and carbon atoms. 


A major percentage of the charge is believed to be accommodated by the more 
electronegative oxygen atom; that is, structure B makes a greater contribution 
to the resonance hybrid than does structure A. 

Yet we have seen only examples of enolate alkylation and acylation at 
the carbon atom. Many factors may account for this general reaction pathway. 
Electrons are held less tightly by the less electronegative carbon atom, thus 
the carbon is more polarizable than the oxygen (Sec. 10-3B). The electrons can 
be more easily shared with another atom during the bond-forming process of 
nucleophilic substitution. 

Solvation of the enolate anion, particularly in the common protic sol- 
vents, is another factor that favors reaction at carbon. The more-concentrated 
charge on oxygen results in greater solvation than that at the carbon atom. 
The more-solvated oxygen atom will be less available as a nucleophile 
(Sec. 10-3D). 

Reaction at the oxygen atom does occur, particularly with very reactive 
electrophiles. Chlorotrimethylsilane is one such reactive electrophile that has 
been used to trap the enol form. The product is an enol-ether, and the nucleo- 
philic substitution is known as silation. 


+ [(CH,),CH]NiLit DME, 


Lithium diisopropylamide 


:Q:Li* Si(CH;); 
Em (CH,),SiCI 
A lithium enolate A silyl enol-ether 
80% 


PROBLEM It has been suggested that C-alkylation usually proceeds by ап Sy2 
12-25 mechanism and O-alkylation will be relatively more important in an 
531 process. Discuss that idea. 


Enamines (Sec. 8-6C) are also synthetically useful ambident nucleo- 
philes. They differ from enolate anions in being electrically neutral. Enamines 
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are nitrogen analogs of enols. Their reactivity as carbon nucleophiles can be 
explained by the dipolar character of the resonance hybrid. 


Because a base is not required to activate enamines as nucleophiles, 
reaction conditions are usually milder than those required when typical eno- 
late anions are employed. The enamine is prepared from the appropriate 
carbonyl compound and a secondary amine in a separate step. Reaction of the 
enamine with an alkylating or acylating agent is followed by hydrolysis to 
regenerate the original carbonyl group. Conversion to the enamine thus pro- 
vides a means of masking a carbonyl group while activating the compound 
toward nucleophilic substitution. 


gis fo pints ў + H,O 
N 
H 


Cyclohexanone Pyrrolidine Cyclohexanone-pyrrolidine 
enamine 


ү, + Вг- 
a y 
MeOH но 
" CF Br cH,co,cH, MOH, facem E 
Н.СО,С,Н, + a Br 


н; 
2-(Carboethoxymethyl)- Pyrrolidinium 
cyclohexanone bromide 


58% 


o = 
H* CH,(CH,),COCI/C,H, 
ONC) 
N 
H 


Morpholine Cyclohexanone-morpholine 
enamine 
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С) 
о O 
N^ E H,O+ O(CH,),CH, 
шо + £ 
CO(CH,),CH, N^ CF 
H, 
2-Hexanoylcyclohexanone Morpholinium chloride 


70% 


PROBLEM Propose a mechanism for the formation of 2-acetylcyclohexanone from 
12-26 cyclohexanone, pyrrolidine, and acetyl choride. 


PROBLEM In some cases alkylation of the enamine may also take place on the 
12-27 nitrogen atom. Draw the structure for the product formed in this side 
reaction and suggest how it might readily be removed from the major 

alkylation product. 


The a-bromozinc esters which add to aldehydes and ketones in the 
Reformatsky reaction are believed to be ester enolates. 


| 2 OZnBr 
вас == с=с 
[м ы; OR 
он 
BrCH,CO,C,H, + Zn “+, BrZnCH,CO,C,H, joe C,H,CHCH,CO,C;H; 
Ethyl bromoacetate Ethyl bromozincacetate d Ethyl 3-hydroxy-3- 


phenylpropanoate 
64 


The Reformatsky reaction 


The a-bromoesters from which these organozinc reagents are prepared can be 
formed by esterification of a-bromocarboxylic acids. The requisite aœ- 
bromocarboxylic acids are prepared by reaction of a carboxylic acid with bro- 
mine in the presence of phosphorus tribromide, the Hell-Volhard-Zelinskii 
reaction, a process which is believed to proceed via the enol of the intermedi- 


ate acyl halide. 


H H 
hac me, d P 
Г “он DO 
H Br 
| 7p OH on | /° 
=Q c JS i С=С + НВг 
| Вг Вг l Br 
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Br H Br H 
о o o o 
a | Z7 он E, 
c A r-z =e e 
| шї, ШОН (SoH. |! ‘ar 


12-6 Other Stabilized Carbanions and Carbon 
Nucleophiles 


Functional groups other than carbonyl may stabilize a carbanion by de- 
localization of negative charge. The cyano and nitro groups function in this 
way. In this section we will also learn about other nucleophiles used in nucle- 
ophilic substitution. 


A. Cyano- and Nitro-Stabilized Anions 


Anions adjacent to a nitrile or nitro group have many similarities to 
enolate anions. They are formed using similar bases and are stabilized by 
delocalization of charge onto an electronegative atom. 


Ca CaN 
H | 
emm +в: = | + BH 
NS m 
рК 25 ис=с=м 
207 
Ji <. 
ОНО | ‘Ov 
| +2 s 
CEN в: = | + BH 
ИЕЛ 
Oi db 
NOE] 
pK, = 10 с“ 
^ Мд 
Da 


Anions such as those shown above can add to a carbonyl group in proc- 
esses similar to mixed aldol reactions. Addition produces a hydroxy com- 
pound which usually dehydrates. Again, the addition-dehydration sequence 
(Sec. 12-2B) results in a product in which a carbon atom has replaced a car- 
bonyl oxygen atom. 


CN он см 
C,H,CH,CN + CoH CHO ХОНОН, | cy CH снн. | + сн,с=снс,н, 


2-Phenylethanenitrile Benzaldehyde R Y 
(Phenylacetonitrile) (Not isolated) 2,2-Diphenyl-2-propeneniteile 
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NaOH/H;O 


——— 


CHNO, + C,H,CHO ОННО, C ,H,CH=CHNO, 
Nitromethane 2-Nitro-1-phenylethene 
(2-Nitrostyrene) 


83% 
Cyano- and nitro-stabilized anions also function as nucleophiles in alkyl- 
ation and acylation reactions. 
р 
C,H,CH,CN -DIDA/THF , сн CHCN 
2) сни 
71% 


1) NaOEt/EtOH 
2) NaQEVELOH , с 
C H.CHEN кону, ced N 
O=CCO,C,H, 


PROBLEM The following syntheses are related to the aldol reaction but accom- 
12-28 plish acylation, as does the Claisen reaction. Suggest a mechanism for 
each of these synthetically useful reactions. 


о 
а 2C,H,CH,CN © KCHJ,CHIN-Li*/THE , C,H,CH, CHCN 


2) Dil HjO* 


2) н.0*/А 


n: 
b NC(CH,),CN 1) [(CH, CHEN Li*/THF і CO,H 


PROBLEM Suggest the major organic product from each of the following reac- 
12-29 tions: 
NaOH/H,O 


a CH,NO, + HCHO М ОНИ, , 


b CH,NO, + HCHO (Excess) М ОНИНЮ , 


c CH,CH,NO, + {о шоно; 


NaOEt/EtOH 
——— 


d (CH,),CHCH,CN + C,H,CHO 
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B. Ylids 


Ylids are an interesting class of carbanionoid compounds in which the 
negative charge on carbon is stabilized by an adjacent positively charged het- 
eroatom. The compounds are electrically neutral, yet they possess a signifi- 
cant degree of charge separation. 


TT AET 
(C4H;),P—CH, (CH;CH,),S—CH, 

P—CH. CH4CH,),S—CH. I 
(CgH5)3P=CH, (CH;CH,), 2 (CH4),N—CH, 
Triphenylphosphonium methylid Diethylsulfonium methylid Trimethylammonium methylid 
(Methylenetriphenylphosphorane) (Methylenediethylsulfurane) A nitrogen ylid 

A phosphorus ylid A sulfur ylid 


PROBLEM Why are single- and double-bonded resonance structures drawn for the 
12-30 Phosphorus and sulfur ylids, whereas only a single-bonded designa- 
tion represents the nitrogen ylid? 


Phosphorus ylids have been those most extensively employed in syn- 
thesis. The Wittig reaction between a Phosphorus ylid and an aldehyde or 
ketone results in substitution of the carbanion carbon atom for the carbonyl 
oxygen atom. But in contrast with our earlier examples of carbanion addition, 
the carbanion stabilizing group (a tetracoordinate phosphorus atom) departs 
with the carbonyl oxygen atom. The product is an alkene without the original 
functional groups present. Georg Wittig shared the 1979 Nobel Prize in chem- 
istry for the development of this type of carbon-carbon bond-forming reac- 
tion. 

(C, H;) P CH;Br- ree Nab М. 
Methyltriphenylphosphonium bromide Sodium hydride 


О 
(C,H;);P—CH, Sg mmi 957 + (CgHs)3P=O 


Triphenylphosphonium methylid 
Methylenecyclohexane Triphenylphosphine oxide 
86% 


_ _1) NaOEt/EtOH 
(CcHs)5PCH,C,H, Cl эсикн-снено* CeHsCH—CHCH-CHCU, 
Benzyltriphenylphosphonium 1,4-Diphenyl-1,3-butadiene 
chloride 84% 


Formation of the ylid is accomplished by treating the phosphonium salt 
(Sec. 11-6D) with a strong base. Addition of the ylid to the carbonyl group 


PROBLEM 
12-31 


12-7 
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produces an intermediate betaine (oxaphosphetane). Collapse of the unstable 
intermediate leads to the product. The stability of the phosphine oxide by- 
product is an important factor in driving the Wittig reaction to completion. 


:0 e T OH B 
Be а (Сну :O:- 
(C;H3),P—CH, + — CH, —> 
А betaine 
(GHj);P——O А CH, 


у 
eu нов С) + (CHs),P=O 


Ап oxaphosphetane 


Write the chemical equations for the reaction of (CH) P—CHC,H, 
with: 


a Formaldehyde 


b Cyclopentanone 


c Benzaldehyde 


Summary 


A. Chemistry of Enolates and Enols 


Hydrogen atoms on the carbon alpha to a carbonyl group (the alpha- 
carbon atom) are considerably more acidic than most hydrogens bonded to 
carbon. This acidifying effect is attributed to the ability of the carbonyl carbon 
to stabilize an adjacent carbanion. The carbonyl-stabilized anion is an enolate 
anion and involves delocalization of the electron pair over a three-atom 
system. 


" :0: 
SE ES 
Lo 
НЕВЕ ~ | + ВН 
Pin 
Х 
in oe 
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The chemistry of enolate anions usually involves nucleophilic reactivity 
of the enolate carbanion. The carbanion can add to the carbonyl group of 
aldehydes and ketones. It can substitute on the carbonyl group of esters and 
certain other members of the carboxylic acid family (acylation). It can also 
undergo substitution on saturated carbon atom centers (alkylation). Enolate 
anions of aldehydes, ketones, and esters are most commonly used in syn- 
thesis. 

Under acidic conditions enols can form through proton tautomerization 
between the alpha-carbon atom and the carbonyl oxygen atom. 


о OH 
ee 9 


ее p =C— 


Although enols may be important carbon nucleophiles in biological proc- 
esses, their use in laboratory synthesis is limited. 

Electron-withdrawing groups such as nitro and cyano also enhance acid- 
ity at their alpha-carbon atoms and can provide synthetically useful carbon 
nucleophiles. Carbanions stabilized by an adjacent phosphonium, sulfonium, 
or ammonium group have useful synthetic applications in their nucleophilic 
reactivity with aldehydes and ketones. 


B. The Reactions of Alpha Carbanions 
The aldol reaction 
a Formation of 8-hydroxycarbonyl compounds (Sec. 12-2A). 
о о о OH 
| 1917 1 | 


ин 


b Formation of a,-unsaturated carbonyl compounds (Sec. 12-2B). 
Laid 7 
C 


| 
Е A 


The ester condensation (Claisen) reaction (Sec. 12-3A) 


I 
2RCH,COjR' + МОК’ —> камен + КОН 
R 
The reverse Claisen reaction (Sec. 12-4A) 


11 \ 
RCCCO,R’ + NaOR" — RCOjR" + \CHCO,R’ 


{| 
RCCCO,R' + NaOH — ВСО,Н + NcHco,R’ (OH) 


12-8 


12-32 


12-8 Supplementary Problems 
Decarboxylation (Sec. 12-4B). 
| 
RECH,CO,H 28.5 n cH, + CO, 
RC(COJH), BR. RCHCO,H + CO, 
Alkylation of alpha carbanions (Secs. 12-5 and 12-6A) 


| 
У/—С- Nat + RL seima АОНы W = electron- 
| | withdrawing 


group 
The Wittig reaction (Sec. 12-6B). 
779) NE = y. NE 5 
Ss aes ME fini, etat T TO NH у 
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Predict the major organic product(s) obtained from each of the following reactions: 


а CH,CH,CH,CHO МоН/ню , 


b (Do + (GHj,P—CHCO,CH, Я, 


li sl 1 
) NaOEt/EtOH 
€ CH,CH,CCH,CCH, DEM 


а C,H,O,CCO,C,H, + 2CH,CO,C,H, М ОЕМЕЮН , 
е CH,(CN), + CH,CH,CO,C,H, N2QEVEIOH , 


1) NaOEt/EtOH 
f CH,(CO,C,H;), Баст = S 
з) H,O*/A. 


в CH,COCH,CH,CHO N:OH/H.0 , 


в C,H,CH,CO,CH, + HCO,CH, -N:0Me/MeOH , 
7 
4 1) LDA/DME 
i (CH;),CHCCH, DCHA ” 
j CgH,COCOC,H, + C,H,CH,COCH,C,H, КОН/НОН , 


1) NaOMe/MeOH 
к CH,O,C(CH,),CO,CH, Кос 


436 The Alpha-Carbanion—Nucleophilic-Electrophilic Reactivity of Carbonyl Compounds 


1) МаОЕ! н 
І CH,COCH,CO,C,H, ей 


NaOEt/EtOH 


m C;H;COCH, + C,H,CO,C,H, 2 ees 


1) NaH/Et,O 
n CAEN: 2) GH,CH,CI 


12-33 Why are phosphorus ylids much more stable than nitrogen ylids? 

12-34 Suggest a mechanism for the decarboxylation of acetoacetic acid (3-oxobutanoic acid) 
in aqueous sodium hydroxide. 

12-35 Replace the letter with a structüral formula or structural formulas in each of the follow- 
ing equations: 


MAL РОН 1-phenyl-2-methyl-1-penten-3-one 


b 2-Methylpropanal + cyclopentanone OH. B 


c C MORMON. (CH. C—C(CN)CO,CH, 


d Phenylnitromethane + acetone “ОН, D 


е Acetone (excess) + (C;H;);P—CHCH,CH,CH—P(C;H,), — E 


12-36 Provide an explanation for the fact that the В-Кею acid below does not decarboxylate 
on heating. 


CO,H 


12-37 The reaction of two molecules of aldehyde (usually aromatic) in the presence of cya- 
nide ion produces a benzoin (an a-hydroxyketone), also called an acyloin. Cyanide is 
required for the reaction to proceed, but it is regenerated at the end of the sequence. 
This reaction resembles an aldol and a Cannizzaro process. Suggest a mechanism for 
the formation of 4,4-dimethoxybenzoin by this example of the benzoin condensation 
reaction. 

3 


2CH,O CHO 5*5, cH,o l du OCH. 
X 7 V 7 М 


44'-Dimethoxybenzoin 


12-38 The haloform reaction is used as a qualitative test for methyl ketones. A ketone is 
usually treated with iodine in an aqueous base medium. The reaction involves halo- 
genation of the methyl ketone followed by substitution of hydroxide for the good 
leaving group triiodomethyl carbanion. 


| 
G,H,CCH, + I, OEO, Cli co:nat + на, 
Acetophenone Sodium benzoate Todoform 


12-39 


12-40 


12-41 


12-42 


12-43 
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a Propose a step-by-step mechanism for the haloform reaction of acetophenone. 

b Do you expect acetaldehyde to undergo the haloform reaction? 

¢ Halogen and aqueous sodium hydroxide form an oxidizing solution (NaOX) which 
accounts for the haloform reaction of certain alcohols such as ethanol, 2-propanol, 
and 2-butanol. Write the chemical equation for the haloform reaction of 2-butanol in 
NaOH/H;0/L. 


Suggest a mechanism for the following reaction. 


о 
обсн, OH 
1) KOH/pyridine 
OC me CY 
ссн, ТОНН 
6 à à 


If the hydroxide-promoted mixed aldol reaction between 2-methylpropanal and form- 
aldehyde (Prob. 12-7) is carried out using excess formaldehyde, the final product (ob- 
tained in about 90% yield) is 2,2-dimethyl-1,3-propanediol. Provide a mechanism to 
account for the formation of this product. 


Carbamic acids are the adducts of carbon dioxide and amines. The reactants and prod- 
ucts equilibrate rapidly, so that it is often difficult to isolate the carbamic acid. 


R,NH + CO; == RNCOH 


А carbamic acid 


However, the salt of a carbamic acid does not lose CO; and is quite stable. Account for 
the marked difference in ease of decarboxylation of the carbamic acid and its salt. 


Isopropenyl acetate is readily prepared commercially by the reaction of ketene 
(CH5—C-—0O) and acetone using an acid catalyst. Propose a mechanism for this reac- 
tion. 

One stage in the Krebs (tricarboxylic acid) cycle is the conversion of isocitrate to a- 
ketoglutarate. The process, known as oxidative decarboxylation, involves oxidation of 
the alcohol group by NAD* (Sec. 8-4C) and then decarboxylation. Write a mechanistic 
model for this biologically important process. 


OH О 
| NAD* l 
HO,CCH,CHCHCO;H “2 HO,CCH,CH,CCO,H 
CO,H 


Isocitric acid a-Ketoglutaric acid 
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12-44 One step in the synthesis of fatty acids is the conversion of acetyl coenzyme A to 
malonyl coenzyme A. ATP provides the energy and Mn"? is a cofactor (catalyst). 
Propose an “organic chemist's" mechanism for this important biological reaction. 


Ге) 
| [| 
CH, SCoA 4 CO, =, HO,CCH,CSCoA 
Acetyl Malonyl 
coenzyme А. coenzyme А 


12-45 When A is treated with one equivalent of NaNH; and one equivalent of ethyl benzoate 
is then added, the product is B. However, if two equivalents of base are used, the 
product is C. Account for these different reactions. 


|| 1) NH,() || 
CH,CCH,CHO + NaNH, Damco,” СНУССНСОСЬН, 
3 Hot а Li CHO 
A B 
1 1) NH, Ld 
CH;CCH,CHO + 2NaNH, Э О, CH,CCH,CCH;CHO 
A 3 но» а: с 
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*12-46 The reaction of benzaldehyde and acetophenone in aqueous base produces a good 
yield of a light yellow solid (mp 57°C) known as chalcone. The 'H-NMR and IR spectra 
of the compound are reproduced in Fig. 12-1. Suggest a structure for chalcone and 
account for its formation. 


— M ——— u— —Àn—— een n Va IHR entente e nemen yet en o dn 


FIGURE 12-1 500 400 300 200 100 0 Hz 
‘H-NMR and IR 
spectra of chal- 
cone. 
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a Use the spectral data reproduced in Fig. 12-2 to assign a structure to mesityl oxide. 


The acid-catalyzed reaction of acetone provides mesityl oxide. 
b Provide a mechanism for its formation. 


*12-47 Although the aldol reaction is normally catalyzed by base, acid catalysis also occurs. 
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*12-48 Figure 12-3 reproduces the 'H-NMR and "C-NMR spectra of 2,4-pentanedione. Ac- 


count for the spectral peaks. 
FIGURE 12-3 500 400 300 200 100 0 Hz 
1H- and "C-NMR 
spectra of 2,4- 
pentanedione. 


8.0 7.0 6.0 5.0 40 3.0 2.0 1.0 0 8-ррт 
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*12-49 The compound whose IR, ‘H-NMR, ?C-NMR, and mass spectra are reproduced in 
Fig. 12-4 is slowly formed when a low-molecular-weight liquid is heated with alcoholic 
base. Identify the compound and the material from which it is prepared. 


FIGURE 12-4 500 400 300 100 0 Hz 
IR; 'H-NMR, !°С- 

NMR, and mass 

Spectra for Prob. 
12-49. 


This peak disappears 
when shaken with D20 
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FIGURE 12-4 (Continued) 
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Supplementary Problems 


13-1 


Chapters 8 through 12 introduced many of the important reactions of 
nucleophilic reagents. In each case the rationale for a particular bond-forming 
process was considered and then illustrated by actual laboratory examples. 
Most examples were one-step transformations chosen to illustrate only one 
type of reaction. 

If the chemist is to effectively exploit the synthetic potential of nucleo- 
philic reagents, a sequence of single steps must be used. We have already 
considered some aspects of synthesis design during the discussions of Gri- 
gnard reagents (Sec. 8-5E) and various enolate anions (Chap. 12). In this 
section we begin to explore the strategies for multistep organic synthesis 
using some of the reactions encountered in those earlier chapters. Chapter 20 
will make use of the many additional reactions introduced in Chaps. 
14 through 19 to design syntheses for rather complex organic molecules. 


Available Reactions 


We learned that there are two broad types of reactions available to nucle- 
ophilic reagents: additions and substitutions. Nucleophiles add to the car- 
bonyl carbon atom of aldehydes and ketones, while they substitute on the 
carbonyl carbon of members of the carboxylic acid family of compounds. Nu- 
cleophiles also substitute on saturated carbon atoms. Although the substitu- 
tions represent two mechanistically distinct reaction classes, they have many 
similarities, particularly in relation to the characteristics of the nucleophilic 
reagents and the leaving groups. 

A first step in utilizing nucleophilic additions and substitutions for syn- 
thesis is to recognize the large number of reactions that are available. Stu- 
dents may wish to review the reactions assembled in the summaries of 
Chaps. 8 through 12. Let us develop a table to summarize the general changes 
that occur. 

The variety of nucleophiles we have encountered can be summarized 
into a few specific classes. The oxygen nucleophiles are represented by water 
and by alcohols (or their sulfur analogs, thiols). Amines represent the nitro- 
gen nucleophiles. The oxygen and most of the nitrogen nucleophiles are used 
in their electrically neutral or anionic (conjugate base) forms. Anionic nucleo- 
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PROBLEM 


13-1 


13-2 


philes we have encountered are the halides, hydride, and a variety of car- 
banionic reagents. 

Each type of nucleophile undergoes rather specific reactions with the 
three substrate (electrophile) classes. For example water adds to aldehydes 
and ketones to produce hydrates of varying stability (Sec. 8-3B), whereas it 
substitutes on carboxylic acid derivatives to give carboxylic acids (Sec. 9-2B) 
and at a saturated carbon to generate alcohols (Sec. 11-4A). The nucleophilic 
nitrogen atom of amines substitutes on carboxylic acid derivatives to produce 
amides (Sec. 9-3) and at a saturated carbon atom to produce new amines 
(Sec. 11-6A). Addition of a primary amine to the carbonyl of aldehydes and 
ketones generates a hydroxyamine, but in this case the adduct is not stable 
and water is lost to produce an imine (Sec. 8-6A). 

Reactions between a nucleophilic reagent and a particular class of elec- 
trophilic substrate are quite general. It is not, for example, necessary to mem- 
orize the specific reactions of methylamine, ethylamine, and 2-propylamine 
with 2-butanone. What is required is to learn and understand the basis for 
reactions between primary amines and ketones. An almost endless number of 
specific transformations are then immediately available for your use 
(Table 13-1). 


Write one specific example (no R groups) to illustrate a reaction of each 


of the nucleophile-electrophile combinations of Table 13-1. 


Experimental Considerations 


The goal of developing a synthesis sequence is to produce a specific 
compound in the laboratory. The purpose may be to confirm the structure of 
a new material or to test some mechanistic theory or to learn how structural 
changes at the molecular level affect biological activity. Much laboratory syn- 
thesis effort is the precursor for commercial products and processes. 

Thus there are very practical considerations in designing a synthesis. 
One of the first questions is what potential starting materials are or can be 
made available. Economics is an important factor. Safety is also a concern; one 
would prefer not to use hazardous materials or to produce hazardous wastes 
if alternative pathways are available. 

Anticipated product yield for the various pathways is another considera- 
tion. Most of the reactions presented in the preceding chapters include the 
percentage yield of product or products. These are laboratory results taken 
from the chemical literature and reflect the fact that most reactions do not 
proceed in 100 percent yield. Of course one of the aims of a laboratory syn- 
thesis project may be to find new approaches that will improve the yield of an 
established reaction sequence. 


TABLE 13-1 Nucleophilic Addition and Substitution Patterns 


Electrophiles 
ni [ө] 
R—C—R'(H) R—L 
OH 
H,O «сон R—OH 
K'(H) 
OH OR" О 
R"OH R- oR” or R—C—OR” r-l oe R—OR” 
R'(H) КН) 
7 
R—C— Қ а 
R—CH,—OH 
R—H 
R—CH,-N[ 
g from amides 
= 
* 
о Generally 
8 not R—CN 
2 useful 
7 
X- Generally not useful R—C—X R—X 
bis if; 
\ v 0 
7<МеХ R—-C—C— R— (=£) 
R'(H) Generally 
not 
useful 
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PROBLEM 


13-2 


13-3 


The yields of each individual step are very important in governing the 
overall yield of a multistep synthesis. Assume that you are carrying out 


a three-step synthesis for which the individual steps have the very re- 
spectable yields of 93 percent, 85 percent, and 87 percent. What is the 
overall yield of the sequence? 


One very important aspect of synthesis planning is to recognize poten- 
tial side reactions that might divert a portion of your reactants to unwanted 
products. We saw, for example, that elimination competes with substitution 
and can become the major reaction in certain cases (Sec. 11-3). Related to this 
is the choice of reaction conditions, medium (solvent), and even the order of 
mixing reactants. We have learned, for example, that most organometallic 
nucleophiles cannot be used in protic solvents. 

But even with the best planning, a reaction rarely produces only the 
desired product. Separations and purifications are usually required. Distilla- 
tion, crystallization, and a variety of chromatographic techniques are the 
major methods available to separate almost any mixture. Required purifica- 
tions should be included in the synthesis plan and their economy and ease of 
use considered. 

Finally, the chemist needs to know what compounds are formed at each 
step of a synthesis sequence and to know the purities of the final product or 
products. Sophisticated spectroscopic procedures (Appendix) are used to fol- 
low the course of most laboratory syntheses and are even installed “оп іле” 
to follow large industrial processes. Classical chemical reactions still are the 
basis for many standard analytical tests for product purity, though spectro- 
scopic methods are now supplementing and replacing those techniques. 


The Strategy of Synthesis 


How does a chemist approach a synthesis problem? In many respects 
the methods are similar to those for solving a puzzle. Many pieces are avail- 
able (the starting materials) as are methods for putting those pieces together 
(the reactions). But like the pieces of a puzzle, many reactions can be fitted 
together with the starting materials, but only certain of those will lead to the 
desired product (complete the puzzle). Throughout the construction of the 
puzzle (development of the synthesis) the final goal (target molecule) must be 
continually considered. Let us see how the chemist attacks the problem. 


. Structural Recognition 


The first step in developing a synthesis scheme is to recognize the struc- 
tural relations between starting materials and products. We learned that this 
is also important when dissecting a reaction to understand its mechanistic 
features. In fact, the concepts of mechanism and of synthesis blend together 


PROBLEM 


13-3 


PROBLEM 


13-4 
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in modern organic chemistry. Robert Woodward was awarded the Nobel 
prize in chemistry for 1965 for his broad applications of mechanistic principles 
to the strategy of natural products synthesis. 

Two types of changes may take place in a synthesis sequence: conver- 
sion of one functional group to another and formation of new carbon-carbon 
bonds. Reactions in which carbon-carbon bonds are formed are termed con- 
struction reactions for they are the method for building carbon skeletons. 

First consider the functional group or groups in the target molecule. 
There are two important reasons for focusing on these parts. Functional 
groups are created and destroyed during a synthesis. Those changes must be 
incorporated in the synthesis strategy. Of more importance, however, is the 
fact that most bond making or bond breaking takes place at or adjacent to a 
functional group. Functional groups are the active or activating portions of a 
molecule and thus play a key role in synthesis design. 

Next examine the carbon skeleton of the target in relation to its func- 
tional groups. Can the molecule be constructed from a single starting mate- 
rial, a synthon, without adding carbon atoms? This could involve one or more 
functional group conversions. 

More often however, examination of the functional groups will provide 
clues to potential points of construction. We must then consider whether the 
target can be attained by joining starting materials together sequentially, or 
whether these synthons must be altered or rearranged before they are joined 
to yield the product. The availability of starting materials is also a major factor 
in planning of the synthesis sequence. 


Some of the nucleophile-electrophile combinations of Table 13-1 in- 
volve functional group interconversions, some involve constructions 
(carbon-carbon bond formations), and some involve a combination of 
the two. Comment on how each of your answers to Prob. 13-1 fit these 
categories. 


Assume that you have an infinite supply of methanol and any required 
nonorganic reagents. Devise syntheses for all of the C; and C; organic 
compounds that you could prepare using reactions introduced in 
Chaps. 2 through 12. 


. Structural Patterns 


Recognizing what functional group conversions will be required is usu- 
ally not too difficult, for reactions normally take place at a single carbon atom. 
When the carbon skeleton is changed the processes may be less obvious. In 
those cases we rely on structural patterns to lead us to potential precursors. 
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Consider for example the hydroxy group of alcohols. We can prepare 
alcohols in a variety of ways (Fig. 13-1). Carbonyl groups of aldehydes, ke- 
tones, and certain members of the carboxylic acid family are common precur- 
sors. The choice of reagent used to accomplish such a transformation is quite 
important. Hydride reduces carbonyl to hydroxy without change in the car- 
bon skeleton. Water or hydroxide displaces a leaving group to form an alco- 
hol, also with no change in the carbon skeleton. By contrast, organometallic 
or enolate carbanions add to carbonyls to extend the carbon skeleton while 
forming an alcohol. Each of these methods clearly has a different role in syn- 
theses leading to alcohols. 


FIGURE 13-1 9 о 
Methods for syn- | 
thesis of ERR ns m 
alcohols. ER uod 
No change Extension 
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E 
| or HO 
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Continuing our discussion of the hydroxy group we recognize that ап 
alcohol may only be an intermediate in a multistep synthesis sequence. The 
starting point may have been an aldehyde which was converted to an alcohol 
using a Grignard reagent and then to a haloalkane and finally to an amine. In 
the process the functional group has been changed, as has the carbon skele- 
ton. 
Ne 
$ РЕ | 
> ex 
м So X" mw, Nt 
ent al Дин | | 
PROBLEM a Show how cyclohexanone could be converted to 1-methyl- 
13-5 cyclohexylamine by a sequence similar to that shown above. 


b Working backwards, discuss the structural patterns that led to the 
choice of the synthesis sequence. 


Consider the structural characteristics of the three fragments below as if 
each were part of a target molecule. 
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=O 
© 


bos чад 


3 


cmm 

1 2 
Each possesses a carbonyl group. That is a clue suggesting a carbonyl precur- 
sor, though the carbonyls might also be formed by a step involving oxidation 
of an alcohol. Fragment 1 provides a second clue. The unsaturated portion 
o, В to the carbonyl is typical of the product of an aldol addition-dehydration 
sequence. That is, an enolate carbanion adjacent to the remaining carbonyl 
has added to another carbonyl compound. 


о о 

| = | l | 

C T +—С > — —C "m 
T 


Fragment 2 has a B-dicarbonyl structure. This is the characteristic product of a 
Claisen type of reaction—an enolate acylation. 


о 
| 
С. 


п | | | 
‘i + —C—L »—C 4 С 


Fragment 3 could also result from an enolate precursor, in this case via alkyla- 
tion. 


а 


3 


However fragment 3 might also have been prepared by another very general 
reaction—addition of a carbanion, possibly a Grignard reagent, to a carbonyl, 
then oxidation of the alcohol produced. 


В Dod 
| [ЖӨ ER pan 


Here, as in any synthesis, the pathway chosen must be consistent with the 
available precursors. 

The above recognition examples involving anionic reagents are only a 
part of the synthesis story. The fragments might be further altered. For exam- 
ple the carbonyl group in fragment 3 could be converted to an alcohol by 
hydride reduction with no change in the carbon skeleton. Or it might be 
converted to a different alcohol through addition of a Grignard reagent with 
associated change in the carbon skeleton. Each step tends to complicate the 
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recognition pattern yet also restricts the kinds of reactions that can be fitted 
together to proceed from starting materials to products. 


о 
ТЕМИРИ 
ее с 
9) 


13-4 Synthesis Examples 


The following three examples illustrate the approaches used to develop 
a synthesis. 


А. 3-Chloropentane 


A chemist requires 3-chloropentane but has available only compounds 
with three or fewer carbon atoms. 


CI 


| 
CH,CH,CHCH,CH, 
The target molecule 


We might predict that the target molecule could be constructed by com- 
bining a two- and a three-carbon synthon or by combining 2 two-carbon syn- 
thons and a one-carbon synthon. 

A common first approach to the synthesis problem is to work back- 
wards, the so-called retro-synthetic method. The idea is to determine what 
might have been a precursor to the final product. In the current problem the 
haloalkane could have been formed from an alcohol. 

T iii 
CH;CH,CHCH,CH, + SOCI, —+ CH,CH,CHCH,CH, 

But could the alcohol be efficiently prepared from our available syn- 
thons? We have learned that Grignard reactions provide alcohols while ex- 
tending the carbon skeleton. In this case two schemes are possible. One in- 
volves double addition of ethyl magnesium bromide to an ester of formic acid. 
The other requires addition of the ethyl Grignard reagent to the aldehyde 
propanal. 

OH 


1) ELO | 
Ho? CHsCH,CHCH,CH, 


CH,CH,MgBr + CH,CH,CHO 


2CH,CH,MgBr + HCO,CH; 
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Either pathway would be a reasonable choice. The Grignard reagent is 
readily available from bromoethane, which, if not on the laboratory shelf, 
could be prepared from ethanol. Propanal and methyl formate are common, 
inexpensive compounds. 

Interestingly, the 3-chloropentane, a rather simple looking compound, 
is actually not readily available from the major chemical supply companies, 
thus its laboratory synthesis is a very reasonable possibility. In our example 
the synthesis required recognition of a functional group conversion (hydroxy 
to halo) and a carbon skeleton construction to obtain the requisite alcohol 
from which the target molecule could be obtained. 


. 2-Isopropyl-3-phenylpropenoic Acid 


A chemist needs to prepare 2-isopropyl-3-phenylpropenoic acid. Benzal- 
dehyde is available, along with low-molecular-weight alcohols with four or 
fewer carbon atoms. Inorganic reagents and suitable organic solvents can also 
be used. 


C,H,CH—CCO,H 
CH(CHy), 


The target molecule 


The first step is to deduce the relation between the carbon skeleton of 
the target molecule and the available starting materials. Benzaldehyde could 
provide a benzene ring attached to one carbon atom, but the remainder of the 
molecule requires five carbon atoms. Since only materials with four or fewer 
carbon atoms are available, at least one carbon atom must be added some- 
where along the sequence. 


C,H,CH—CCO,H 
L— — 3 CH(CHs), 
benzaldehyde 
The carbon-carbon double bond and carboxylic acid functional groups 
must be introduced during the synthesis. Recall that an aldol-type reaction is 
a method for replacing the carbon-oxygen double bond by a carbon-carbon 
double bond (Sec. 12-2). Structural recognition suggests that reaction between 
benzaldehyde and an anionic nucleophile, then dehydration, will produce 
this desired unit. 
C,H,CHO + = Ну сен 
But how will we get the carbanion nucleophile and the fifth carbon 
atom? Should a five-carbon fragment be added to the benzaldehyde, or will it 
be better to form the double bond with a smaller nucleophile and then add the 
extra carbon atoms? 
We again work backwards, that is, we consider how the functional 
group and carbon skeleton might be generated. The carboxylic acid group of 
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the product might come from oxidation of an aldehyde (Sec. 8-1A) or hydroly- 
sis of an ester (Sec. 9-2B) or of a nitrile (Sec. 9-2B) or even from carbonation of 
a Grignard reagent (Sec. 8-5C). 

The idea of using an anion to form the carbon-carbon double bond 
provides a clue to the best approach. Since some carbanion-stabilizing func- 
tional group must be a part of the structure, that same functional group might 
ultimately be converted to a carboxylic acid. The question is: what group and 
how will we prepare the required compound? 

A carboxylic acid cannot form an enolate anion, though an ester might 
be employed. An aldehyde is another possibility, but its preparation would 
not be simple. Remember that one restraint on our synthesis plan is that an 
alcohol must be one of the starting materials. This, however, provides consid- 
erable flexibility since hydroxy can be displaced by an appropriate nucleo- 
phile. 

A nitrile as precursor to the carboxylic acid group will meet all the re- 
quirements. Cyanide can substitute on a four-carbon haloalkane obtained 
from a readily available alcohol (Sec. 11-2A) to give the required fifth carbon 
atom (Sec. 11-7B). Nitrile will stabilize an adjacent carbanion (Sec. 12-6A) and 
can subsequently be hydrolyzed to a carboxylic acid (Sec. 8-7B). The second 
fragment (synthon) for our synthesis is therefore 3-methylbutanenitrile, 
which we can prepare from the four-carbon alcohol 2-methyl-1-propanol. 
This approach to synthesis of the target is outlined below. 


(CH,),CHCH,OH + SOCI, —> (CH,),CHCH,CI SEL, 


OH 
1) LDA/DME | —H,O 
(CH),CHCH,CN DOE QH,CHCHON =O, 
CH(CH,), 


C,H,CH—CCN mu C,H,CH=CCO,H 


CH(CHj), H(CH3)2 


. Jubavione 


Jubavione is a compound that modifies the metamorphosis of certain 
insects. Its synthesis has provided a fascinating challenge to chemists. Many 
different successful syntheses of the compound have been reported in the 
chemical literature. Chemists often attempt different approaches to the syn- 
thesis of a compound as a means of developing new synthesis strategies. 


CO,CH, 


о 


Jubavione 


A part of one of the jubavione syntheses involves synthons A and B. We 
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will not be concerned with their preparation at this time. Let us, however, see 
what strategy is involved in converting A and B to the target. 


CO,H 
DAI gala Ó 
A B 


Combining A and B will provide the essential carbon skeleton of 
jubavione. We note that the construction must take place between the active 
methylene from A and the ketone carbonyl of B. That might initially suggest 
an enolate addition of A to B. Such a sequence would produce a tertiary 
alcohol. However, that hydroxy group would not be easy to convert to a 
hydrogen atom without affecting other parts of the molecule. 


CO,C H, CO,C,H, 
DOSE to ba 
H 


The approach that was actually used removed the carbonyl oxygen atom 
of B as the new carbon-carbon bond was formed. A substitution rather than 
an addition was employed. The sequence was accomplished by reducing the 
carbonyl of B to an alcohol, then converting the alcohol to a good leaving 
group, bromide. Nucleophilic substitution by the enolate carbanion of A then 
provided the necessary construction. Note that the carboxylic acid was pro- 
tected as an ester during this sequence so as not to undergo an acid-base 
reaction with the enolate. 


COH CO,G;H; 
1) C,H,OH/H* 
2) NaBH,/EtOH/H,O 
H 
B 
CO,C;Hs 
— 
T 


о NaOEVEtOH | 
г Nat 
CO,C;Hs 
CO,C,H, CO,C;H; 


456 Nucleophilic Additions and Substitutions in Synthesis 


PROBLEM 


13-6 


13-5 


The resulting beta-keto ester C was decarboxylated to give the final car- 
bon skeleton. 


CO,H 
c B0 
A 
Ó 
D 


Both ester groups were hydrolyzed under the aqueous acid conditions of the 
decarboxylation process, so that the remaining carboxylic acid required esteri- 
fication to complete the synthesis. Diazomethane (Sec. 11-4C) was used to 
provide the methyl ester corresponding to the natural product. 


CH,N,/Et,O 
Á 


D Jubavione 


This illustration of the partial preparation of a natural product is a typical 
example of organic synthesis. It shows some of the variables that must be 
considered in synthesis design and how some procedures can affect more 
than one functional group in the molecule. This particular synthesis did not 
consider stereochemistry at the two chiral carbon atoms of jubavione. Stereo- 
chemistry often becomes a critical factor in synthesis strategy. 


Synthon A for the synthesis of jubavione might be prepared by treating 
ethyl acetoacetate with excess strong base, then adding 2- 
bromopropane. 


со сн 1) Excess LDA/THF A 
Ó 2725 2) 


jc 


Br 
a Comment on the strategy of this sequence. 


b What might be the major competing reaction? 


Summary 


The design of synthesis for a target molecule involves a variety of con- 
siderations in formulating a strategy. One must first recognize structural rela- 
tions between the target and available starting materials (synthons). Then 
strategy shifts to consideration of how carbon-carbon bond constructions can 
be accomplished and how functional groups can be utilized to direct the de- 
sired transformations. The use and fate of functional groups are usually criti- 
cal to synthesis design for these are the groups at or near which reactions 
occur. Finally, the total sequence must include solvents, inorganic reagents, 


13-6 


13-7 


13-8 


13-9 


13-6 Supplementary Problems 457 


purification procedures, and reaction conditions amenable to the groups and 
structures present at every step. 


Supplementary Problems 


Suggest a synthesis sequence for the preparation of each of the following compounds 
from the indicated starting material. You may use organic compounds with one or two 
carbon atoms and any solvents or inorganic reagents. 
a L-phenyl-2-butanone from benzyl cyanide 
OH 
b CH,CH—CHCHCH,CH, from acetaldehyde 
c 2-Phenylethylamine from benzyl cyanide 
d CH,CH—CHCH,OH from acetaldehyde 
OH [ө] 
е (CH,),C—CHCHCH=C(CH,), from cu cn, 
f CH,CH—CHCH—CHCH,OH from C,H,CHO 
в CH,CH(SC,H;), from acetaldehyde 


Each of the following compounds can be prepared from the indicated starting material 
and other organic compounds possessing one or two carbon atoms. No more than four 
steps should be required. Show each step and include necessary solvents and inor- 
ganic reagents. 


он 
а C,H,C(CHj, бот C,H,CO,CH; 


o 
b Cem from 
o о 


с CH,CHOHCH,CH,OH from СН;СО;Н 
2 

а (CH,),CHCH,C 

“мнен, 


CO,C;Hs 
e CH,CH,CHCOCO,C,Hy from CH,CH,CH,CO,C,H, 


f ox ш; from C,H,O,CCH;CH,CO;C;H; 


The following reactions, though of limited utility in a modern laboratory, are of histor- 
ical interest in the development of organic synthesis. Comment on the mechanistic 
aspects of each transformation. 


from (CH;),CHCH,CO,H 
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13-10 


13-11 


13-12 


13-13 


a The Knoevenagel condensation: 
C,H,CH,CHO + CH(CO,C;H;), EN, с.н„сн„сн=с(со,с,н.), 


b The Perkin reaction: 


1) CH,CO, K*/180*C 


ME C;H,CH—CHCO,H + CH,CO,H 


C,H,CHO + (СН,СО),О 


с The Stobbe condensation: 


C,HO,CCH,CH;CO,C.H, + (C H,),C—O z качкын p 
3) H,O+ 
(4H, C7 CC0,6,H; 


CH,CO;H 
a Show how ethyl acetoacetate can be converted to A using other organic compounds 


with one or two carbon atoms and necessary inorganic reagents. 
b How can A be converted to B? 


H, CH, 2 ; 
C,H,O,CCCH,CH,CCO,C,H, CHECHCH,CHCHECH, 
CH,C=O O=CCH, H, CH, 

A B 


Pentaerythritol (2,2-bis-hydroxymethyl-1,3-propanediol) is the synthetic precursor for 
the important explosive pentaerythritol tetranitrate. The polyol is manufactured by the 
reaction of formaldehyde with acetaldehyde in the presence of calcium hydroxide. 
Account for the formation of pentaerythritol. 


CH,OH 
HOCH, —C—CH,OH 


CH,OH 
Pentaerythritol 


When ethyl acetoacetate is treated with 1 mol of sodium amide followed by 1 mol of 
iodomethane, A is the product obtained. If 2 moles of sodium amide are employed, 
the product is B. Account for these results. 


CH, i 
CHjCCHCO;C;H, — CH;CH,CCH,CO,C,H; 


A B 


Suggest a synthesis for each of the following compounds starting with ethyl acetoac- 
etate or ethyl malonate and any other organic or inorganic reagents and solvents. 


H 


a (Oem. 


13-14 


13-15 


13-16 
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он 
b CH,CCH(C;H;) d (CH,CH,),CHCO,H 
Ї 2" 15/2 2. 2 
GH, " 
о | 
1 е С;Н;СН,СНСО,Н 
с CHSCCHUHSCHÀ 
CH, 


Provide structural formulas for the missing compounds and explain each step in the 
following reaction sequence. 


(C;H,O),P + C,H,CH,CI + A — В + CH,CH,Cl 
[| 
B MA C СНО, сн. CH-CHC,H, + (C;H,O),P—O-Na* 


Suggest a sequence for the synthesis of each of the following compounds from the 
indicated starting material and any other necessary reagents. 


a EUR LA UU from C,H,CHO 


о 
бсн, 
b 


7 
c ее from CH,CCH,CO,C,H, 


OH 
CH, CH, 
=: н 
а CH.OH from CH,o,CcH, cn ——CH,CO,CH, 
2 
CH; CH; 
о 
е бот HO,CCH,CH,CO,H 


Suggest a synthesis for each of the products below using the indicated starting materi- 
al(s). You may use other organic compounds with one or two carbon atoms and any 
inorganic reagents. Show each synthetic step. 


К (rame from 5 
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13-17 


13-18 


CH, OCO,CH,; CH; 


b from 


с (CH,CO);CH from CH,COCH, 


OH 
d CH,CH,CCH,CH, from (CH,CH,),CO and C,H,CHO 
CH,C=CHC,H, 
OH 
e снус—Снсо,н from CH,CH,CHO 
CH,CH,CH 
OH 


| 
f CH,CHCH,CH,OH бот CH,CO,C,H, 


The Mannich reaction links together an amine, an aldehyde (usually formaldehyde), 
and a ketone possessing an "nid atom (an enolizable ketone). 


(CH,),NH + HCHO + CH Ды, =, +'› (CH,),NCH,CH T 


The sequence is believed to involve reaction of the amine and aldehyde to produce an 

iminium cation, then reaction of that cation with the enol form of the ketone. 

a Propose a mechanism for the Mannich reaction. 

b Show how tropinone might be prepared from the Mannich reaction between ace- 
tone, methylamine, and butanedial (succinaldehyde). 


бу) 


Tropinone 


с Suggest how tropinone could be converted to tropine, an alkaloid found in the 
belladonna plant (deadly nightshade). 


Се 


Tropine 


Suggest a synthesis for each of the products below using the indicated starting materi- 
al(s). You may use other organic compounds with one or two carbon atoms and any 
inorganic reagents. Show each synthesis step. 


a м from (CHj),CHCN 


SS 
b 9 from | D 
^ “сн,ссн, N CH; 

sel The CH, hydrogen atoms are acidic. Why?) 
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CH,CH;,CN 
с Нот li 
CH,CH,CN 
OR 
d { унае from ( Уон 
7 
е (atau from CH,0,C(CH,);CO,CH, 


«елес 
sHs 
f CH,CH,CH,—C—CH(CH;), from CH,CH,CH,Br, (CH;);CHBr, and C,H,Br 
H 
*13-19 A certain alkylation reaction of ethyl acetoacetate gave a product with characteristic IR 
absorptions at 1710 and 1740 ст”! (5.85 and 5.75 ит) and a parent peak at m/z 186 in 
the mass spectrum. The 'H-NMR spectrum is reproduced in Fig. 13-2. 
a Identify the product. 
b Write the reaction for its formation from ethyl acetoacetate. 
FIGURE 13-2 


1H-NMR spectrum 
for Prob. 13-19. 


500 400 300 200 100 0Hz 
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*13-20 The compound whose IR, 'H-NMR, ?C-NMR, and mass spectra are shown in Fig. 
13-3 can be prepared from 3-oxo-3-phenylpropanoic acid. Identify the compound and 
outline its synthesis. 


FIGURE 13-3 500 400 300 200 100 0Hz 
IR, !'H-NMR, 
13С-ММЕ, and 
mass spectra for 
Prob. 13-20. 


Wavelength, um 
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FIGURE 13-3 
(Continued) 


Relative intensity 


i a a Karl 


200 
(offset 30) 


ИЕ Oy АА PEs! LL. L1 1L L1 LL БЕШ И АНОР erat? 
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ё-ррт 


464 


14-2 


14-4 


14-5 


14-6 


14-7 


14-8 


14-9 


Elimination 
Reactions— 
Alkenes and 
Alkynes 


The Reaction Mechanism 
A. The E2 Mechanism B. The El Mechanism C. The ElcB 
Mechanism D. Mechanistic Variables E. El Versus E2 


Elimination Versus Substitution 
А. Basicity Versus Nucleophilicity B. Substrate Structure 
C. Solvent D. Temperature 


The Direction of Elimination 
А. Formation of the More-Substituted Alkene B. Formation of the 
Less-Substituted Alkene 


Stereochemistry 
A. Anti Elimination B. Stereoelectronic Factors 
C. Syn Elimination 


Formation of Alkenes 

А. Dehydrohalogenation B. Dehalogenation C. Dehydration 

D. The Hofmann Elimination E. Pyrolytic Elimination F. Catalytic 
Dehydrogenation 

Formation of Alkynes 


Other Double and Triple Bonds 
А. Aldehydes and Ketones B. Nitriles 


Summary 
A. 1,2-Elimination Reactions B. Formation of Multiple Bonds 


Supplementary Problems 


We have discussed two general types of reactions in the preceding chap- 
ters. Chapter 8 covered additions to the unsaturated bond of a carbonyl 
group, and Chaps. 9 through 12 involved substitutions at saturated and un- 
saturated carbon. In our introduction to organic reactions (Sec. 4-2) we 
learned that there is a third major class of reactions known as eliminations. 
The chapters that considered substitutions actually include a type of elimina- 
tion, since it is necessary for a leaving group to depart in order for substitu- 
tion to be accomplished. 

However the term elimination in the study of organic chemistry nor- 
mally refers to the loss of two atoms or groups from a molecule. In the most 
common elimination reactions, multiple bonds are formed through the loss of 
groups bonded to adjacent atoms. The process is usually termed 1,2-elimina- 
tion or B-elimination because of the positions of the two departing groups on 
the carbon skeleton. 1,2-Eliminations are the method for forming alkenes and 
alkynes from saturated precursors. 


CI—CH4—CH,—H —> CH,=CH, + на 


1 2 
а B 
(А 1,2- or fl-elimination) 


Another mode of elimination involves two groups departing from the 
same atom. Such 1,1- or a-eliminations are used for producing the very reac- 
tive species known as carbenes (Sec. 5-1E). Those electron-deficient interme- 
diates are electrophilic and are synthetically useful in additions to unsatu- 
rated bonds (Sec. 15-3F). 

НЕС әк н АДЕ СС 


(—HcI) 
Dichlorocarbene 
(Not isolated) 


(А 1,1- or a-elimination) 


The present chapter will treat only 1,2-elimination reactions. We have 
already been introduced to this alkene-forming process as a competitive path- 
way during nucleophilic substitution (Sec. 11-3B). Because elimination is 
mechanistically related to substitution, the chemist must control conditions in 
a synthesis sequence to favor one reaction over the other. 
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14-1 The Reaction Mechanism 


Three mechanistic pathways are normally considered for 1,2-elimination 
reactions. The E2 (Sec. 14-1A) and Е1 (Sec. 14-1B) are most common. These 
two processes are closely related to the Sy2 and Sy1 mechanisms of substitu- 
tion (Sec. 10-1). A third mechanism is designated Е1сВ (Sec. 14-1C), and, 
although less common, it provides one extreme in the possible elimination 
pathways. 


. The E2 Mechanism 


Both substrate and nucleophile participate in the single step of the bi- 
molecular 1,2-elimination mechanism which is designated as E2. A nucleo- 
phile removes one group (the electrophile —E) as a group on the adjacent 
carbon (the leaving group —L) departs. 

sm 
фен э}: Ж ыча eds “с^ + МЕ + L:- 
ilii VERON 
LY 

The nucleophile is commonly a base which abstracts a proton from the 
atom beta to the leaving group. Reaction kinetics are typically second-order: 
first-order in the base and first-order in the substrate. The sequence is related 
to an Sy2 reaction. 


STU TT 
со н-Єн;-снсн, — CH,—CHCH, + C,H,OH 


(Br 


Rate = k,[(CH,),CHBr][C,H,O-] 


Dependence of the reaction rate on base and substrate is one kind of 
evidence which supports the mechanism proposed. Another is that the E2 
reaction is quite stereoselective (Sec. 14-4), as might be expected for a con- 
certed process. 

An interesting technique which has been used to support the E2 mecha- 
nism makes use of isotopes. We previously saw the use of isotopes as labels 
within compounds. They are often used to follow specific fragments during a 
reaction. Another use of isotopes is based upon the fact that the ease of break- 
ing a bond from one atom to the isotopes of another atom differs depending 
upon the specific isotope involved. 

One approach used in the study of elimination mechanisms is based 
upon the fact that the breaking of a carbon-deuterium bond is slower than 
the breaking of a similar carbon-hydrogen bond. If the carbon-hydrogen 
bond breaks in the rate-controlling step of the reaction, then the same reac- 
tion of the deuterium-substituted compound will be slower. The result is the 
so-called kinetic isotope effect. 


PROBLEM 


14-1 
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In a typical experiment the rate of elimination of HBr from 2- 
bromopropane was compared with that from its hexadeuterio analog. If 
breaking of the C—H bond were truly a part of the rate-controlling step, then 
reaction of the deuterated substrate, in which a beta C—D bond must break, 
would be slower than that of the corresponding protio compound. A kinetic 
isotope effect of 6.7 was observed. This value is near the maximum deuterium 
kinetic isotope effect predicted for a process in which a C—H bond is broken, 
and it provides strong support for rate-controlling cleavage of the carbon- 
hydrogen (or carbon-deuterium) bond. 


EtOH 
(CH,),CHBr + NaOEt HR CH,—CHCH, 
2-Bromopropane i Propene ku 


(CDj,CHBr + NaOEt SER CD,=CHCD, ko 


1,1,1,3,3,3-Hexadeuterio- 1,1,3,3,3. 
2-bromopropane Pentadeuteriopropene 


Write a mechanism for each of the following E2 reactions. 


a CH,CH,Br + KOt-Bu DM. CH,—CH, 


b (CHj,CBr + NaOEt DL CH,—C(CHj), 


с (CH,CHjJN*OH- Dies, CH,—CH, + (CH;CH,);N 
d i cg We a + V CH,CH—CHCOH 
3 
Br 


B. The El Mechanism 


Tertiary substrates may undergo elimination reactions in which only the 
substrate is involved in the rate-controlling step. A mechanism involving car- 
bocation formation is proposed and designated as E1: elimination, unimolec- 
ular. In the E1 mechanism, a leaving group departs when a relatively stable 
carbocation can form. This initial step is identical to the first step in reactions 
that proceed by ће Sy1 mechanism. In a second step the base-nucleophile 
abstracts a B-hydrogen atom to produce the alkene product. 

(CH), C Cbr SBOP, (cy ct + Bro 


vec 
C,H,OH + H—CH-G(CHj, "> CH, C(CH)), + CHsOH, 


Rate = k,[(CH,)3CBr] 
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PROBLEM 


14-2 


The unimolecular elimination reaction proceeds at the same rate as and 
competitively with unimolecular substitution (Sy1). Elimination can be a trou- 
blesome side reaction during solvolytic substitution (Sec. 10-3E) of tertiary 
substrates. 


(CH,),CBr ae (CH,);COH + (CH;),COC,H, + CH,=C(CH,), 
64% 36% 


Write a mechanism for each of the following E1 reactions: 


а (CH,),CCI a CH,=C(CH,), 


сн, 
b - Ho = 
b C,H,CHN(CH, I- 2°, C,H,CH—CH, + N(CH,), 


CH, 
+ 
с сиснх сну, Br- 
CH, CH, 
CH,CH—C(CHj), + CH,CH,¢—CH, + (CH3);S 


EtOH-H,O 
a 


C. The ElcB Mechanism 


A third mechanistic pathway has been observed for elimination reac- 
tions. Base (B) may abstract a B-hydrogen atom to form а carbanion in the first 
step of the reaction. Departure of the leaving group from the initially formed 
carbanion intermediate then generates the alkene product. 


И ОИ zt» al 
вн с == EC + BH 


Taal | N Ж 
а? ВЕ "e iL- 
| ретанде C +: 


The process usually shows second-order kinetics, but 15 designated as Е1сВ 
to indicate that departure of a leaving group from the initially formed conju- 
gate base (carbanion) intermediate leads to the product. 

Although the E1cB mechanism is the least common of the elimination 
pathways, it does provide a reasonable extension of the elimination mecha- 
nism that is not related to substitution. Much effort has been expended in 
searching for examples. The halogenated hydrocarbon 1,1-dichloro-2,2,2- 
trifluoroethane is one compound that is cited as a typical substrate for the 
Е1сВ mechanism. The halogens enhance the acidity of the B-hydrogen atom. 
Since fluoride usually is a poor leaving group, an appreciable concentration of 
the carbanion accumulates before alkene is formed in the rate-controlling 
step. 
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NaOMe/MeOH = .С.8. ie 
CLCHCE, eR COCE- > с„с=сһ +:Е:- 
1,1-Dichloro-2,2,2- 1,1-Dichloro-2,2- 
trifluoroethane difluoroethene 


PROBLEM When the elimination of HF from 1,1-dichloro-2,2,2-trifluoroethane is 
14-3 carried out with sodium methoxide in deuterated methanol, 1,1- 
dichloro-1-deuterio-2,2,2-trifluoroethane can be recovered from the 
reaction mixture. How does this result fit into the ElcB mechanism 

proposed for the elimination reaction? 


PROBLEM Elimination of HCl from A gives kinetic data consistent with an E1cB 
14-4 mechanism. Explain why the unusual E1cB process might be expected 
in this example. 


о 
| 
p-CIC,H,CCHCICHCICH,Cl-p 
A 


PROBLEM Draw energy profile diagrams for the E1cB reaction of Prob. 14-3 and 
14-5 for the E1 and E2 reactions. 


D. Mechanistic Variables 


The mechanistic possibilities, E1, E2, and Е1сВ, provide a continuum of 
reaction pathways for elimination. 


El E2 Е1сВ 


E — 
L departs L and E (H) E (H) departs 
first depart first 


simultaneously 


The designations indicate variations in timing for the breaking of the two 
sigma bonds. Departure of the leaving group (L) has a maximum influence on 
the reaction rate of the E1 process, whereas the rate of an E1cB reaction may 
not be affected by leaving-group reactivity. When cleavage of the bond to the 
electrophile (E or H) is considered, an opposite rate dependence is found for 
those two mechanistic extremes. Loss of the beta substituent is not involved 
in the rate expression for the E1 reaction, but it is a variable in the Е1сВ 
pathway. 

The rate of an E2 reaction is affected by both bond-breaking processes. 
We will see that the timing may not be precisely synchronous. The C—E(H) 
bond may begin to cleave ahead of the C—L bond, yet the reaction can still be 
bimolecular. Such a sequence in the bond-breaking process is often desig- 
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nated as an “Е1сВ-НКе” E2 reaction to describe the timing of the bond-break- 
ing processes at the transition state. If C—L bond cleavage is ahead of 
C—E(H) cleavage, the reaction is termed an “Е1-НКе” E2 reaction. 


з-з+ | do 
Kr, anas RE sie "E1cB-like" E2 transition state 
- s+ | | 8 


Нет "E1-like" E2 transition state 


PROBLEM The kinetic isotope effect for cleavage of the carbon-nitrogen bond can 


14-6 be obtained by using compounds containing nitrogen atoms enriched 


with ЗМ. Nitrogen isotope effects are small, but they can be measured 
quite accurately. The data for the bimolecular elimination of ethyl- and 
2-phenylethylammonium salts are indicated below. Assume that the 
ethylammonium salt is your standard for the E2 mechanism and com- 
ment on the E1 or E1cB character of the 2-phenylethylammonium case. 


14) 
= 1.009 
км 


CH,CH,N(CH,), EN = 1017 CH,CH,CH,N(CH)), 


Е. El Versus E2 


In our discussions of substitution reactions we learned that substrate 
structure is the major factor controlling reaction mechanism (Sec. 10-3). The 
Sn2 mechanism is favored when reaction takes place at a primary center, 
while the S1 mechanism is preferred at tertiary centers or when a relatively 
stable intermediate carbocation can be formed. 

Following similar reasoning we expect elimination to proceed by the E2 
pathway when the leaving group departs from a primary carbon. The E1 
mechanism is expected with tertiary substrates under conditions when a car- 
bocation can readily form. Those, in fact, are the usual experimental observa- 
tions. When the leaving group departs from a secondary carbon atom, the 
mechanism varies from E1 to E2 depending on the reaction conditions. 

However, in contrast to the expectations from substitution reactions, the 
E2 mechanism is often observed with tertiary substrates; that is, with com- 
pounds that could form intermediate carbocations. How can we account for 
this apparent inconsistency? 

Thus far we have focused only on the substrate; the molecule from 
which two groups are lost. Consider the second reactant in most elimination 
reactions, the base. For the E2 pathway to take place it is only necessary for 
the base to abstract the proton, a relatively small species, from the atom beta 
to the center from which the leaving group departs. Crowding is usually not 
as significant as when a nucleophile must directly approach the carbon from 


14-2 
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which the leaving group departs. Thus as the base becomes stronger or more 
concentrated, the E2 mechanism will become relatively favorable, even with 
tertiary substrates. 

When, then, might we expect the E1 pathway to be encountered? Uni- 
molecular elimination is observed with tertiary and in some cases secondary 
substrates when the base is weak or in low concentration and when reaction 
conditions favor carbocation formation. These experimental conditions are 
commonly attained during solvolysis (Sec. 10-3E) when the solvent is also the 
base and when solvation and solvent polarity favor the charge separation 
required for carbocation formation. 


Elimination Versus Substitution 


One problem facing a chemist in planning a synthesis is the competition 
between elimination and substitution. The two important reactions are 
closely related in mechanism, yet they lead to very different products. 

Nevertheless, a particular substrate will normally respond to changes in 
reaction conditions so as to favor one pathway or the other. Changes in the 
base-nucleophile usually have a marked effect on the elimination-substitution 
pathways. Reaction medium and temperature have a smaller, yet significant 
influence. 

Although the focus of this chapter is on elimination reactions, it is im- 
portant to note that in the elimination-substitution competition, substitution 
is usually the predominant reaction. Substitution involves less bond reorgani- 
zation and therefore is generally more favorable energetically. 


. Basicity Versus Nucleophilicity 


Base-promoted elimination of H—L requires abstraction ofa proton, and 
substitution involves bond formation at a carbon atom. Basicity is the impor- 
tant factor for elimination, and nucleophilicity is prominent in substitution. It 
is therefore common to employ strongly basic reaction conditions when elimi- 
nation is the desired reaction. 


Br C,H,OH 


3% 97% 
CH,CHCH, C CH,CH=CH, + (CH,),CHOC,H, 
2-Bromopropane NaOC,H,/C,H,OH Дас “the 


In the reactions of 2-bromopropane shown above, ethanol and ethoxide 
are both nucleophiles. Ethoxide is actually the better nucleophile because of 
its negative charge. But the negatively charged oxygen atom makes ethoxide a 
strong base. Basicity is a dominant factor in the elimination-substitution com- 
petition and leads to increasing amounts of elimination. 

The nature of the base or nucleophile will also affect the elimination- 
substitution processes. Many good nucleophiles are not strong bases (Sec. 10- 
ЗВ). In the example above, sodium ethoxide functions principally as a base in 
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its reaction with the secondary substrate, 2-bromopropane. In a related reac- 
tion using as base the anion derived from ethanethiol substitution is the pre- 
dominant reaction. The sulfur anion is more nucleophilic and less basic than 


an oxygen anion. 


Br 
| 
C,H,S-Na* + CH,CHCH, ВН» CH,—CHCH, + (CH,),CHSC,H, 
Sodium ethanethiolate 2-Bromobutane Propene Ethyl isopropyl sulfide 


(Major product) 


PROBLEM Explain why anions such as thiophenoxide (C;H;S~), azide, and cya- 
14-7 nide are seldom used as bases in elimination reactions. 


PROBLEM Provide an explanation for the different product mixtures obtained 
14-8 when 3-methyl-2-bromobutane is treated with chloride or acetate in 
acetone. 

(CH,),C=CHCH, + (CH;),CHCH=CH, 
И, 
50% 

a 
+ (CH,),CHCHCH, 
50% 
(CH,),C=CHCH, + (CH;),CHCH=CH, 
о Petron BP в, 
89% 


Br 
(CH,),CHCHCH, 


CH,CO;/aceto: 
„СО; /acetone CH,C о, 


+ (СН.).СНСНСН, 
11% 


B. Substrate Structure 


Crowding within the substrate favors elimination over substitution. This 
is because the approach of the nucleophile to a carbon atom is usually ex- 
posed to much more steric hindrance than is abstraction of a B-hydrogen 
atom. The steric effect generally is important whether the groups responsible 
for the crowding are on the a- or the B-carbon atoms. 


Base Nucleophile 
(Elimination) (Substitution) 
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Greater product stability is probably another factor that accounts for an 
increase in elimination as the number of groups on the substrate increases. 
Alkenes (and the transition states leading to them) are stabilized by alkyl 
groups; that is, more-substituted alkenes are normally more stable (Sec. 7-4B). 
No similar effect is expected for the substitution process. In the following 
examples electronic and steric factors contribute to the increased elimination 
from the isopropylsulfonium salt. 

C,H,S(CH,,Br- -MOGH/GHOH , Cry сн, + C,H,OC)Hs 
Ethyldimethylsulfonium Ethylene Diethyl ether 
12% 88% 


bromide 


(CH,,CHS(CH,,Br- -№0С:9/%Н:ОН , Cry CHCH, + (CH), СНОС,Нь 
3/2 3/2 2 3 3/2 


Isopropyldimethylsulfonium Propene Ethyl isopropyl 
bromide 61% ether 


The influence of crowding on the elimination-substitution competition is 
similar for reactions that proceed by unimolecular (E1 versus Sy1) and bimo- 
lecular (E2 versus Su2) mechanisms. Crowding around the a-carbon or the 
B-carbon leads to an increasing amount of elimination. 


PROBLEM Provide an explanation for the relative rates of the E2 reaction for each 
14-9 of the following substrates in ethanol-ethoxide at 55°C. 


Substrate № x 10° 


CH;CH,Br 
CH;CH,CH,Br 
(CH3),CHCH,Br 


C;H;CH;CH?Br 


PROBLEM Account for the observation that 3-chloro-3-methylpentane gives some- 
14-10 what more alkene during solvolysis than 3-chloro-3-ethylpentane 
gives. 


C. Solvent 


We have already seen that charge is dispersed in the transition state of 
an Sy reaction. The process is therefore favored by decreasing solvent polar- 
ity (Sec. 10-3D). Examination of the transition state for an E2 reaction shows 
that charge is even more dispersed than in the Sy2 complex because five 
atoms are involved. Decreasing solvent polarity favors elimination more 
than substitution. 
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PROBLEM 
14-11 


PROBLEM 
14-12 


PROBLEM 
14-13 


The influence of solvent on the elimination-substitution competition is 
illustrated below. The E2 elimination of HBr from 2-bromopropane increases 
as the medium is changed from the polar aqueous ethanol to less polar etha- 
nol. 


Br МаОН/60% ЕЮН-40% H,O 


| 54% 46% 
CH,CHCH, == CH,=CHCH, + (CHj),CHOC;H, (OH) 
71% 29% 


NaOC;H,/C,H,OH 


Similar consideration of the E1 and Sy1 pathways shows that charge is 
more dispersed in the transition state leading to elimination. Decreasing sol- 
vent polarity again favors elimination. 


60% EtOH-40% H,O 
єн; : 16% 84% 
CH;CH,CCl one elimination 4- substitution 
33% 67% 
CH; 80% ЕЮН-20% H,O 


2-Chloro-2-methylbutane 


a What effect will a decrease in solvent polarity have on the Sy1-to-E1 
rate ratio? 


b Draw the second transition states for the E1 and Sy1 reactions. Show 
the charge distributions in each. 


Many of the reactions considered in this section were carried out in 
aqueous alcohols. Ethers are the major products of substitution, but 
what other substitution products might also be observed? 


Draw the structures of the elimination and substitution products from 


the reaction of 2-chloro-2-methylbutane with sodium hydroxide in 
aqueous ethanol. 


. Temperature 


Competing elimination usually becomes relatively faster than substitu- 
tion as the temperature increases. This is true whether the reactions proceed 
by the E1-Sy or the E2-Sy2 pathway. One simple method which is often used 
to favor elimination is to carry out the reaction at elevated temperatures. 


PROBLEM 
14-14 
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[2-52] 
Br 45°C 3% 7% 
| EtOH/H,O Я p 
CH,CHCH, + NaOH CH,—CHCH, + (CH,CHOC;H, (OH) 
64% 36% 
100°C 
25°C, 
ВЕТ? НЕО 17% 83% 
(CH,),CCI a CH,=C(CH;), + (СН,);СОС,Н, (OH) 
dm 36% 64% 


Consider the changes in bonding that take place in substitution versus 


those that take place in elimination to account for the increase in elimi- 
nation with increasing temperature. 
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Many substrates have more than one kind of B-hydrogen atom that can 
be lost in the elimination reaction. For example, the elimination of HBr from 
2-bromobutane may involve removal of a proton from a methyl or a methyl- 
ene group. Reaction with sodium ethoxide in ethanol actually results in for- 
mation of a mixture of the two possible alkene products. 


T 
CH,CH,CHCH, CH,CH=CHCH, + CH,CH,CH=CH, 


2-Bromobutane 2-Butene 1-Butene 
81% 19% 


NaOEt/EtOH 


Some elimination reactions lead to mixtures of alkene products; others 
produce only one of the possible isomers. Those which lead to only one iso- 
mer are termed regiospecific. When a mixture of isomers is formed in un- 
equal quantities, the reaction is said to be regioselective. The prefix "regio" 
refers to the direction in which a reaction takes place. 

It is common to designate the direction of elimination in terms of the 
degree of substitution on the carbon-carbon double bond of the product. 
When the more highly substituted alkene is formed (2-butene in the example 
above), the process is said to proceed by Saytzeff orientation. Formation of 
the less-substituted alkene (1-butene above) is the result of Hofmann orienta- 
tion. In this section we will see that substrate structure, the nature of the 
leaving group, and reaction conditions all play a role in governing which beta 
atom or group is removed. 
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А. Formation of the More-Substituted Alkene 


Formation of the more-substituted alkene (the Saytzeff product) gener- 
ally corresponds with formation of the more stable alkene. We have learned 
that alkyl groups stabilize a double bond (Sec. 7-4B). It is therefore not sur- 
prising to find that the transition state leading to the more-substituted alkene 
may also be of lower energy than that leading to the less-substituted alkene 
(Fig. 14-1). The stability provided by each alkyl substitution on a double bond 
is low, usually 1-3 kcal/mol (4-12 kJ/mol). Thus preference for Saytzeff prod- 
uct in an E2 reaction is often small. 

The more-substituted alkene product often exists as a mixture of E and Z 
stereoisomers. The E-to-Z isomer ratio depends on the steric interactions in 
the transition state leading to each isomer. Formation of the isomer with 
larger groups on opposite sides of the double bond is usually favored. 


Br 
| 
CH;CH,CH,CHCH, SOWHOHS 
2-Bromopentane 
СН:СН, Н CHCH, Jen; 
oN + LoS + CH;CH,CH,CH=CH, 
H CH, H H 
E-2-pentene (trans) Z-2-pentene (cis) 1-Pentene 

51% 18% 31% 


PROBLEM Use Newman projection formulas to account for the product mixture 
14-15 found when 2-bromopentane is treated with potassium ethoxide in eth- 
anol. 
When an elimination reaction proceeds by the E1 mechanism, formation 
of the intermediate carbocation is rate-controlling. Product formation takes 
FIGURE 14-1 
Energy-profile 


diagram for for- 
mation of 1- and 
2-butenes by the 
E2 mechanism. 


Br 
CHsCH2CHCHs 


Energy 


СНзСН>СН==СН» + HBr 


-> oH, cH—CHCHs + HBr 


Reaction coordinate 
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place in a rapid second step and is governed principally by alkene stability. 
Elimination reactions that proceed by the E1 mechanism form predomi- 
nantly the more-substituted (Saytzeff) product. 


{наз » nen снс то! ДЯ 
(CH3),CCH,CHOTs ES Peces + 
H CH; 
4,4-Dimethyl-2-pentyl E-4,4-Dimethyl-2-pentene (trans) 
tosylate 755 
(CHjC.. СНз 
Са (CH,),CCH,CH=CH, 
H H 
Z-4,4-Dimethyl- 4,4-Dimethyl-1-pentene 
2-pentene (cis) 24% 
1% 
Вг CH; 
| C,H,OH ree | b^ 
CH,CH,C(CHy, — sec > CH,CH—C(CHy) + CH,CH,C=CH, 
2-Bromo-2-methylbutane 2-Methyl-2-butene 2-Methyl-1-butene 
80% 20% 


PROBLEM Account for the product isomer yields obtained by the elimination 
14-16 from 4,4-dimethyl-2-pentyl tosylate. 


PROBLEM Provide an explanation for the fact that the reaction of 2-bromo-1- 
14-17 phenylpropane with sodium ethoxide in ethanol produces only 
1-phenylpropene (f-methylstyrene), and no 3-phenylpropene. 


B. Formation of the Less-Substituted Alkene 


Formation of the more-substituted alkene (Saytzeff orientation) predom- 
inates in the elimination of small leaving groups such as halide. When the 
substrate is a quaternary ammonium or sulfonium salt, the less-substituted 
alkene (Hofmann orientation) becomes prevalent. 


CH,CH,CHCH, —4., CH,CH,CH=CH, + CH,CH=CHCH, 
*N(CH), OH- 
N,N,N-Trimethyl-2-butylammonium 1-Butene 2-Butene 
hydroxide 95% 5% 
CH,CH,CHCH, -KOEVEIOH , сн CH. CH—CH, + CH,;CH=CHCH, 
*S(CH;), Br- 
Dimethyl-2-butylsulfonium bromide 1-Butene 2-Butene 


74% 26% 
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PROBLEM 


14-18 


PROBLEM 


14-19 


Many factors may contribute to formation of the less-substituted alkene, 
but it is generally believed that steric interactions are the most important. 
Ammonium and sulfonium are large leaving groups. Approach of the base in 
these typically E2 processes increases crowding within the substrate. It is 
generally easier for the base to abstract a B-hydrogen from the less-substi- 
tuted carbon atom to produce the less-substituted alkene. 


Account for the following change in the ratio of the 1-pentene to 
2-pentene products as the leaving group changes. 


x 
CH,CH,CH,CHCH, ее, 


EtOH 
CH,CH,CH,CH=CH, + CH,CH,CH=CHCH, 


+ + 
хо О —S0,CH, —N(CH,), 
1-епе/2-епе = 0.45 0.97 6.7 77 2-50 


Further evidence that steric factors are important in controlling orienta- 
tion during concerted elimination is based upon results observed as the size 
of the base is changed. A large base tends to favor formation of the less- 
substituted alkene, even when the leaving group is a halide. 


Br NaOEt/EtOH 
| 69% 31% 
CH,CH,CH,CH — CH CH=CH, 
&CH,CH,CHCH, 4 ов, „он  CHsCHaCH=CHCH, + CH,CH,CH} CH=CH, 
2-Bromopentane 27% 73% 


Account for the change in ratio of 1-alkene to 2-alkene product as the 
base is changed in the dehydrobromination of 2-bromo-2,3-dimethyl- 
butane. 


Base = C,H;O~ (CH;)3CO~ CH;CH,C(CH3)20~ (CH3CH2),CO7 
1-ene/2-ene = 0.25 2.7 4.3 11.4 


Relative acidity of the terminal and internal g-hydrogen atoms is also 
considered as a possible contributor to the alkene product ratio. A terminal 
hydrogen atom tends to be more acidic because the conjugate base, a less- 
substituted carbanion, is more stable. In quaternary ammonium or sulfonium 
substrates, the positively charged onium atom enhances the acidity of the 
molecule. Abstraction of the 8-hydrogen atom by base is relatively more im- 
portant than similar abstraction from noncharged reactants. We can consider 
that the E2 reaction becomes more “Е1сВ-Шке.” 


PROBLEM 


14-20 
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sh -— 
R—CH,—CH—CH, 
1 1 
Less More 
acidic acidic 


It is clear that many factors can contribute to the direction of elimination 
by an E2 mechanism. A very important consequence of the observation of 
Hofmann orientation is the recognition that transition state energy, and 
therefore reaction rate, is not always governed by product stability. 


Draw Newman projection formulas and energy-profile diagrams for 
formation of the Hofmann and Saytzeff products from the base- 


promoted elimination of N,N,N-trimethyl-2-pentylammonium iodide. 
Use a single graph for the energy profiles so as to compare relative 
energy levels. 
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Formation of a carbon-carbon double bond introduces structural rigidity 
into that part of the molecule. Thus many alkenes obtained through elimina- 
tion exist as Z and E geometrical isomers (Sec. 6-4). When the two departing 
groups are lost from chiral centers of known configuration, the stereochemi- 
cal course of elimination can be determined. The relation between the config- 
uration of reaction and product—the stereoselectivity of the reaction—is a 
result of the reaction mechanism. 

Two stereospecific pathways may occur in an elimination reaction. 
When the alpha and beta groups depart from opposite sides of the reactant 
molecule, the reaction stereochemistry is said to be anti (Sec. 14-4A). Depar- 
ture of the groups from the same side of the molecule is a syn (Sec. 14-4B) 
process. "Anti" is the usual stereochemical course of elimination reactions, 
though some proceed through a “syn” pathway. 


А. Anti Elimination 


The spatial constraints associated with cyclic compounds provide a par- 
ticularly clear illustration of stereochemical preference in elimination reac- 
tions. When the stereoisomers of 4-tert-butylcyclohexy] tosylate are treated 
with sodium ethoxide in ethanol, the cis isomer readily undergoes E2 elimina- 
tion to produce 4-tert-butylcyclohexene. By contrast the trans isomer slowly 
gives a mixture of 4-tert-butylcyclohexene and 1-ethoxy-4-tert-butylcyclohex- 
ane. The competitive elimination and substitution of the trans isomer take 
place by unimolecular pathways; E1 and Sy1 respectively. 


480 Elimination Reactions—Alkenes and Alkynes 


A consideration of the spatial relations within the two isomers provides 
an explanation for the different reaction pathways. We have learned that tert- 
butyl is sufficiently large to remain exclusively in an equatorial position on the 
cyclohexane ring and thus to function as a conformational holding group 
(Sec. 6-3C). Consequently the smaller tosylate group will be held in the axial 
position of the cis isomer and in the equatorial position of the trans isomer. 
Models show that for the cis isomer, the tosylate group and a f-hydrogen 
atom can depart from opposite sides of the molecule. They are located in the 
same plane, 180° apart; a spatial arrangement known as anti-periplanar. 


(ors 


NaOEVEIOH | (C4; ), см) 
(Сн,),С /) = 


н 
вЮ:--7 


*cis-4-tert-Butylcyclohexyl tosylate 4-tert-Butylcyclohexene 


Such an anti-periplanar arrangement of the departing groups is not pos- 
sible in the trans isomer. E2 elimination does not occur. Slow elimination does 
take place, but by a unimolecular (E1) mechanism. 


OTS NaOEt/EtOH 
——— c 


(CHg)3C H 
H 


*trans-4-tert-Butylcyclohexyl tosylate 3 - 


H 4-tert-Butylcyclohexene 


EtO:-—7 


PROBLEM What is the approximate dihedral angle between the tosylate group and 
14-21 B-hydrogen atoms in frans-4-tert-butylcyclohexyl tosylate? Draw а 
Newman projection formula to show this. 


PROBLEM Explain the observation that cis-2-phenylcyclohexyl tosylate undergoes 
14-22 elimination of tosylic acid (TsOH) about 10* times faster than the trans 
isomer. 


* Note that "cis" and “trans” are used to designate configuration for the groups of cyclic satu- 
rated compounds. 
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А more remarkable example of the preference for anti elimination in the 
E2 reaction is provided by acyclic substrates. In these compounds relatively 
free rotation can take place about the carbon-carbon single bond at which 
elimination occurs. Yet the reactions are commonly stereospecific anti. 

Consider the reaction of 1-chloro-1,2-diphenylpropane with base. An E2 
reaction takes place to produce a mixture of E and Z 1,2-diphenylpropenes 
(a-methylstilbenes). 


cl 
| 
CH,CHCHGH, DR 
CH; 
1-Chloro-1,2-diphenylpropane 
ОВ an A A CE 
oec nm VERSES. 
H CH; H CH; 


(E-L2-Diphenylpropene ^ (Z).,2-Diphenylpropene 
(trans) (cis) 
(E-a-Methylstilbene) (Z-a-Methylstilbene) 

The reactant is chiral and possesses two asymmetric carbon atoms. It has 
four isomeric forms: two diastereomers existing as pairs of enantiomers. 
When the diastereomers are separated and then individually subjected to the 
same elimination reaction conditions, one of them forms exclusively the E 
alkene, and the other produces the Z form. The elimination reaction of each 
diastereomer proceeds in a stereospecific manner. 


(15, 2R) 
or  -1-Chloro-1,2-diphenylpropane ООН E-a-Methylstilbene (trans) 
(1R, 25) (mp 51*C) 100% 
(15, 25) 
or  -1-Chloro-1,2-diphenylpropane NaOEVEIOH , 7 | Methylstilbene (cis) 
Р: у 
(1R, 2R) (mp 139°C) 98% 


Newman projection formulas (Sec. 6-1) can help us visualize the stereo- 
chemistry of these one-step (concerted) elimination reactions. The diaster- 
eomer of 1-chloro-1,2-diphenylpropane that leads to the E alkene product is 
represented by the three staggered rotamers A, B, and C (Fig. 14-2). In order 
to form the E isomer, the product with phenyl groups on opposite sides of the 
double bond, the two phenyl groups must initially be on opposite sides of 
the forming double bond. That is true only of rotamer A. Elimination of the 
periplanar H and CI by an anti pathway readily leads to the observed product. 

Now consider the other diastereomer of 1-chloro-1,2-diphenylpropane. 
Of the three staggered rotamers, only A' has the phenyl groups on the same 
side of the molecule as is required to provide the Z alkene by a concerted 
elimination. Again we see that the departure of the H and Cl atoms takes 
place from opposite sides of the molecule via the anti elimination pathway. 

A large amount of stereochemical data has been accumulated to support 
anti stereospecificity for E2 reactions. In the examples below, the descriptors 
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FIGURE 14-2 a da 
Staggered CH, C.H; H H; СН» H 
rotamers of Е desto “yin 
1-chloro-1,2- barah peni 
diphenylpropane. CoH; H C.H; H СН; 
H C,H, CH, 
A B с 
Threo 
1 CI СІ 
CH; H; H CH, CH; H 
H eH oH, H CH; 
H kid CH, 
A’ B с’ 
Erythro 


erythro- and threo- are used to designate relative configurations within com- 
pounds with two adjacent asymmetric carbon atoms bearing different but 
similar groups. The prefixes are derived from the names of carbohydrates 
erythrose and threose. "Erythro" corresponds to the diastereomer which, 
when viewed along the bond connecting the asymmetric carbon atoms, has a 
rotamer in which all similar groups are eclipsed. The threo diastereomer does 
not have a rotamer in which all similar groups are eclipsed. In Fig. 14-2, A, B, 
and С are rotamers of the threo diastereomer and A’, В’, and С’ are rotamers 
of the erythro diastereomer. When the groups or atoms on both asymmetric 
carbon atoms are identical, the erythro isomer is meso and the threo is dl 


(Sec. 6-5E). 
СН; OTs CH H 
“Ны. / NaOEt/EtOH ан 
С MM C=C 
/ IN H / N 
H CH, CH; CH; 
erythro-3-Phenyl-2-butyl tosylate E-2-Phenyl-2-butene —— (cis)* 
CH; N(CH, ) Ir CH. CH 
C Hs ^ / M NaOEt/EtOH ERA ei 
US CH a men 
d ү М CH; H 
threo-1,2-Diphenyl-N,N,N- E-1,2-Diphenylpropene (trans) 
trimethylpropylammonium iodide 
H Br H CH 
CH M. A 1-/MeOH aaa ag. ЕН 
ео а а пее 
вр Аня CH; H 
meso-2,3-Dibromobutane E-2-Butene (trans) 


* In this example the older designation, “cis,” indicates that the identical groups (methyl) are on 
the same side of the double bond. The E designation is based on the priority system in which 
phenyl takes precedence on one carbon and methyl on the other (Sec. 4-1B). 


PROBLEM 


14-23 


PROBLEM 
14-24 


PROBLEM 
14-25 


14-4 Stereochemistry 483 


The threo isomer of 1-chloro-1,2-diphenylpropane undergoes elimina- 
tion at a faster rate than the erythro isomer does. Consider steric inter- 
actions to explain this rate difference. 


Use wedge stereochemical formulas to show the mechanism for elimi- 


nation of HBr from erythro [1(R),2(R)] and threo [1(S),2(R)] 1-bromo- 
1,2-diphenylpropane. 


Using a Newman projection formula, show why an E double bond is 
produced in the aldol condensation of benzaldehyde and acetone. 


B. Stereoelectronic Factors 


Examination of the electron reorganization which occurs during elimina- 
tion reveals an analogy to substitution. In the Sy2 reaction, electrons from the 
nucleophile form a new sigma bond as the leaving group departs. During 
elimination, it is the bonding electrons from the beta substituent which dis- 
place the leaving group while forming a pi bond. 

Consider the most favorable arrangement for the molecular orbitals in- 
volved in the elimination sequence. Electrons from the sigma bond at the 
beta-carbon will delocalize into the empty orbital forming at the alpha-carbon 
atom to produce the alkene pi bond. Since the p orbitals of a pi bond are 
coplanar, it is reasonable to assume that coplanarity of the sigma orbitals 
leading to the pi bond will be energetically preferred. Furthermore, steric 
interactions are minimized when the two departing groups are on opposite 
sides of the molecule. These stereoelectronic factors provide a theoretical 
basis for the preferred anti-periplanar stereochemical course of concerted 
elimination reactions (Fig. 14-3). 

The very strong tendency for anti-periplanar elimination is used to as- 


FIGURE 14-3 
Anti-periplanar stereoelectronic sequence for the E2 reaction. 


БУ ТҮ 
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sign configurations to certain isomers. Menthyl chloride and neomenthyl 
chloride are derived from the terpenoid alcohols menthol and neomenthol. 
The isomers differ only in the configuration of the carbon atom bound to the 
chloro (or hydroxy) group. 


CH, CH, 
(CH,),CH z (CH,),CH 


The menthols The menthyl chlorides 


When menthyl chloride is treated with sodium ethoxide in ethanol, 
elimination slowly takes place to produce 2-menthene. Under similar condi- 
tions neomenthyl chloride rapidly yields a mixture of 2- and 3-menthenes 
(Fig. 14-4). 

If we assume that anti elimination occurs, neomenthyl chloride must be 
the isomer with an axial chlorine atom. Loss of either of two different anti- 
periplanar -hydrogen atoms readily leads to the observed products. 

Menthyl chloride must therefore be the isomer with an equatorial chlo- 
tine atom. Anti E2 elimination can proceed only if the ring flips to the less 
favorable conformation with all substituents axial. The conformational inver- 
sion required prior to elimination accounts for the slower rate of reaction. 


FIGURE 14-4 

The stereochemi- 
cal course of 
menthyl and 
neomenthyl 
chloride elimi- 
nations. 


cl 


CH; NaOEt/EtOH 
(CH3))CH (fast) 


H H 
нн ros + Cpo cen 


Neomenthyl chloride 


3-Menthene 2-Menthene 
75% 25% 
(CH,),CH H 
CH, Glo) NaOEt/EtOH 
2 H 

CH,),CH 

(СН) С н У 

н H [el H; 


Menthyl chloride 


cyo Jcn, 


2-Menthene 
100% 


PROBLEM 
14-26 


PROBLEM 


14-27 
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a Why is it reasonable to suggest a conformational change (ring flip) 
for the elimination of menthyl chloride when such a change was not 
proposed for the elimination of trans-A-tert-butylcyclohexyl tosylate? 

b What evidence is there that E1 is not the mechanism for the elimina- 
tion of menthyl chloride in sodium ethoxide-ethanol? 


Of the nine stereoisomers of 1,2,3,4,5,6-hexachlorocyclohexane, one 
isomer undergoes dehydrochlorination about 10" times slower than any 
of the other isomers. Draw the structure of this slowly reacting isomer 
and explain its low reactivity. 


C. Syn Elimination 


Certain rigid molecules are not able to attain the favorable anti- 
periplanar arrangement of the departing groups. A concerted reaction is in- 
hibited and elimination may proceed by another mechanistic or stereochemi- 
cal pathway. We saw that the conformationally rigid 4-tert-butylcyclohexyl 
tosylates undergo E1 or E2 elimination depending upon the stereoisomer in- 
volved (Sec. 14-4A). 

There is also experimental evidence that compounds in which the de- 
parting groups are coplanar on the same side of the molecule may undergo 
concerted elimination. The groups are said to be syn-periplanar, and the 
process is a syn elimination. In the bicyclic compound illustrated below, the 
quaternary ammonium group and the B-hydrogen atom cannot become co- 
planar. The syn deuterium atom is, however, coplanar with ammonium and 
is lost in the elimination reaction. 


N(CH;),OH- 
^ PET н + (Сн), + HOD 
р 
H H 
N,N,N-Trimethyl-3-deuteriobicyclo[2.2.1]- вед ере ра 


2-heptylammonium hydroxide 


Stereoelectronic considerations suggest that syn periplanarity of depart- 
ing groups allows a reasonable conversion of the reactant molecular orbitals 
to the pi orbital of alkene product (Fig. 14-5). We see that coplanarity of the 
departing groups, whether anti or syn, is most important for reactions that 
proceed by the E2 mechanism. However, eclipsing of groups in the reaction 
makes syn elimination considerably less favorable than anti elimination. 
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FIGURE 14-5 
Syn-periplanar stereoelectronic sequence for the E2 reaction. 


B L 
f 


p EZ GYICTAGBHg rT 


msi 


eM 4 N 


У eae 
4» Pas 45 


PROBLEM 
14-28 


Account for the observation that elimination of HCl is more rapid from 
А than from B. 


14-5 Formation of Alkenes 


Preceding sections of this chapter have explored the basis for our under- 
standing of elimination reactions. But the ultimate test of the theory is its 
application to actual synthesis problems. In this section we will consider the 
various types of alkene-forming elimination reactions used in the laboratory. 
Later sections of the chapter will cover the formation of alkynes (Sec. 14-6) as 
well as of carbon-heteroatom multiple bonds (Sec. 14-7). 


А. Dehydrohalogenation 


Dehydrohalogenation—the elimination of НХ— was one of the earliest 
alkene-forming reactions to be recognized and investigated. We have already 
seen many examples of the reaction, since it has been particularly useful for 
studying elimination mechanisms. Dehydrohalogenation reactions are com- 
monly carried out using alkoxide bases and elevated temperatures, conditions 
which favor rapid bimolecular (E2) elimination. 


(С:Н;),ССН,СН,СІ + NaOEt LA (C;Hj4CCH—CH, 


3-Chloro-1,1,1-triphenylpropane Op saeehenylpropene 
90 


CH(CH),CH,Br.- КОВи+ ОН» CH(CH),CH—CH, 


1-Bromooctane Potassium tert- 1-Octene 
butoxide 85% 
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Br 
и Triglyme* 
oo + KOPr-i нЕ È 
r 


1,2-Dibromocyclohexane Potassium isopropoxide SH mend 
55 


In some cases very mild dehydrohalogenation is required in order to 
minimize side reactions. An example from a steroid synthesis employs di- 
methyl sulfoxide (DMSO) as solvent to enhance the reactivity of the weak 
base sodium carbonate (Sec. 10-3D). 


+ мансо, -DMSO, 
Ас b Ac 
Ó Ó 


Amines have been used extensively as bases for elimination reactions. 
They are readily available in a wide variety of structural types, and their low 
basicity often minimizes competing side reactions. The bicyclic amine 1,5- 
diazabicyclo[4.3.0]-5-nonene (DBN) has been introduced as an excellent 
dehydrohalogenation reagent. 


Ke 
CHCH,CH,CH; 9 CH=CHCH,CH, 
НТ 
2 
М 


1-Bromo-1-(2-naphthyl)butane Quinoline ыы 
à à У I 
CH,CH,CH,CHCH,CH,CH, st N^ “№ Tr CH,CH,CH=CHCH,CH,CHy 
4-Bromoheptane 1,5-Diazabicyclo[4.3.0]- 3-Heptene 
5-nonene 91% 
DBN 
т Tolu 
+ CHSNH, ——— 
1-Bromo-1- Aniline 1-Cyclohexylcyclohexene 
cyclohexylcyclohexane 91% 


* Triethylene glycol dimethyl ether, CH34OCH;CH;OCH;CH;OCH;CH;OCH;. 
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PROBLEM 


14-29 


Draw structural formulas of the product(s) obtained when each of the 
following undergoes dehydrochlorination by use of NaOEUEtOH. If 
more than one product is formed, predict the major product and justify 
your choice. 


a 2-Chloro-2,3-dimethylbutane d 1,4-Dichlorocyclohexane 
b 2-Chloro-3-methylbutane e 3-Chlorocyclohexene 
c 3-Chloropentane 


B. Dehalogenation 


PROBLEM 
14-30 


PROBLEM 
14-31 


A proton is one of the two departing groups in the most common 1,2- 
elimination reactions. When two halogen atoms are present in a substrate, 
reaction with base can lead to a double dehydrohalogenation. 1,3-Cyclohexa- 
diene is prepared from 1,2-dibromocyclohexane in this manner (Sec. 14-5A). 

However, when that same 1,2-dihaloalkane is treated with the relatively 
nonbasic reagent potassium iodide, the monoalkene cyclohexene is pro- 
duced. Dehalogenation has resulted from the elimination of two adjacent 


halogen atoms. 
Br Br 


AM 
+ Ky Ethanol [ 22 


trans-1,2-Dibromocyclohexane Cyclohexene 


Dehalogenation by iodide ion is a stereospecific process which proceeds 
by an anti stereochemical pathway. Iodide functions in the same manner as 
the base in dehydrohalogenation. Loss of the halogen atoms is synchronous 
with formation of the double bond in this E2 reaction. 


— с 


1:5 Вг 


ези пао + ns + Br 


How do the C—Br dipole moments account for the surprising observa- 
tion that the trans diaxial 1,2-dibromocyclohexane is more stable than 
the trans diequatorial conformer? 


cis-1,2-Dibromocyclohexane undergoes dehalogenation with potas- 
sium iodide in ethanol at a slower rate than the trans isomer does. The 
cyclohexene product is believed to be produced by a substitution- 


elimination two-step sequence. Provide an explanation for these re- 
sults. 
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Iodide ion and zinc metal are the reagents most commonly employed for 
dehalogenation. However, the use of vicinal (1,2) dihalogen compounds as a 
route to alkenes is limited because the dihalo compound is usually prepared 
from an alkene (Sec. 15-3A). The procedure does have an advantage over 
most dehydrohalogenation reactions because the double bond forms at a spe- 
cific position. Allenes are often formed by dehalogenation for that reason. 


С H 
isto ur АИ У Д7, 
С—С СН, + КІ —— ОТО 
Вг mS j H CH; 
meso-2,3-Dibromobutane E-2-Butene (trans) 
84% 


СН,=ССІСН,СІ + Zn ВОН» CH,—C—CH, 


2,3-Dichloropropene Allene 
(12-Propadiene) 
80% 


PROBLEM Use wedge three-dimensional formulas to show the stereochemical 
14-32 pathway for the iodide-promoted dehalogenation of 2(R),3(R)-2,3- 
dibromobutane. 


PROBLEM Provide a structural formula and name for the major product in each of 
14-33 the following reactions: 


| | 
а C,H,CH—CHCH(CH,)C,H, aoe 


cl 
| 
b CH,CH=CCH,CI + КІ #04, 


+ Nal n-PrOH 


Br о 
a 
d сн — 
Br 


C. Dehydration 


The formation of a carbon-carbon double bond through dehydration is 
not new to us. We have seen many reactions in which alkenes are obtained 
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subsequent to the preparation of alcohols. Formation of a, B-unsaturated car- 
bonyl compounds during the aldol reaction (Sec. 12-2B) and the elimination of 
water during work-up of certain Grignard reactions (Sec. 8-5C) are two exam- 
ples previously considered. 

Dehydration of alcohols is usually catalyzed by acid. Tertiary alcohols 
undergo reaction considerably faster than primary alcohols, which suggests 
that formation of a carbocation is the rate-controlling step. Protonation of the 
hydroxy group leads to loss of water in this E1 reaction. 


он Он, 
CH,CH,C(CH,), + H,SO, == CH,CH,C(CHj), + HSO; 


(OH, H 


В. | А 
CH,CH,C(CH,), => cu, CH сну, =Н 


> CH,CH=C(CH,), 


PROBLEM Show how the following results support an E1 mechanism for the acid- 
14-34 catalyzed dehydration of 3,3-dimethyl-2-butanol. 


OH 
CH, HC(CH)), DER 


Н; 


CH,—CHC(CH,), + (CHj),C—C(CHj), + (CHj,CHC—CH, 
3% 61% 31% 


Primary carbocations are probably not involved in the dehydration of 
primary alcohols. Elimination is presumed to proceed by an E2 pathway from 
the protonated alcohol. Since no strong base can exist in the acidic reaction 
media, the species which removes the 8-proton is believed to be the conjugate 
base of the acid. In sulfuric acid this is HSO;. 

H,SO, 


801. CH,CH,CH,OH, + HSO; 
170°C 


CH,CH,CH,OH 


но РН сен сн, Сбн, — CH,CH=CH, 
CH; 
The alkene formed always has a lower boiling point than the precursor 


alcohol. An experimental technique occasionally used to maximize yield in 
dehydration reactions is to remove the product by distillation as it is formed. 


PROBLEM 
14-35 
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он 


CH,CHCH,CH,CH, ноо, CH,CH=CHCH,CH, + CH,=CHCH,CH,CH, 
2-Pentanol 2-Pentene 1-Pentene 
(bp 118°C) (bp 36°C) (bp 30°C) 
80% <5% 


The dehydration of ethanol with sulfuric acid at а temperature near 
140°C produces diethyl ether (Sec. 11-4B), but ethylene is produced at 


higher temperatures. Assume that ethylene is produced from the ether 
and propose a mechanism for this alkene formation. 


Catalysts other than sulfuric acid also are employed for dehydration. 
Phosphoric acid is often used instead of sulfuric acid to avoid charring of the 
organic product. Reagents such as thionyl chloride and the phosphorus ha- 
lides convert hydroxy to a good leaving group (Sec. 9-4) and thereby promote 
the dehydration reaction. 


OH 
е! e CJ 
——- 
A 


Cyclohexanol Cyclohexene 
(bp 161°С) (bp 83°C) 
84% 
он 
SOCL/CHCI, 
(C,H),CCH(CH,, ОЗУН, (cH), - CH» 
1,1,2,2-Tetraphenylethanol Tetraphenylethene 
83% 
он 
C, H,CH,CHC,H, “> C,H,CH-CHCH, 
1,2-Diphenylethanol 1,2-Diphenylethene 
(Stilbene) 
95% 


Dehydration is accomplished in industry and often in the laboratory by 
passing an alcohol, as a vapor, over a hot alumina (Al;O5) or thorium oxide 
(ThO;) catalyst. Each catalyst is a Lewis acid. The two catalysts are comple- 
mentary, since alumina favors formation of the more-substituted alkene and 
thorium oxide leads principally to the less-substituted alkene. 


OH А.О; б 
| 350-400*C do" 
(CH,),CHCH,CHCH, wo, | (CH),CHCH—CHCH, + (CH),CHCH,CH=CH, 


4-Methyl-2-pentanol FET 3% 97% 
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Dehydration occurs in many biological processes. Citric acid is con- 
verted to isocitric acid in the Krebs tricarboxylic acid cycle (Sec. 21-5B) 
through a dehydration-hydration sequence. The enzyme aconitase catalyzes 
the stereospecific removal and readdition of water. 


ToS CO,H COH 
CH, Сн, „Сон Сн, 

HO iz eo 2225 с == н-с сон 
(Hs i xm HO—C-H 
сон H.: г сон CO,H 

Citric acid Z-Aconitic acid (cis) Isocitric acid 


PROBLEM Predict the major product in each of the following reactions: 
14-36 oH 
H,SO, 


| 
а (CHj,CCH—CH, 2°, 


OH OH 
b (CH), — Чен, M. 


H,SO. 
d C,H,CHCH,C,H,NO,-p ea 


CH; но, 
—— oL 


D. The Hofmann Elimination 


Loss of a trialkylamine and a 8-hydrogen atom from a quaternary am- 
monium salt leads to an alkene in a reaction generally known as the Hofmann 
elimination. 


(CH,CH,),N OH- ->> CH,—CH, + (CH,CH,),N + H,O 


Tetraethylammonium Ethylene Triethylamine 
hydroxide 


PROBLEM 
14-37 
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The reaction normally proceeds by an E2 mechanism and follows the 
stereoelectronic preference for anti elimination. When two different hydrogen 
atoms are located beta to the quaternary nitrogen, elimination generally pro- 
duces predominantly the less-substituted alkene. In fact, Hofmann proposed 
his orientation rule (Sec. 14-3B) in 1851 as a result of studies on eliminations 
from quaternary ammonium salts. 


o p с 
+ 
снн Мн), OH- — , CH,CH,C=CH, + CH,CH=CCH, 
CH, 
N,N,N2-Tetramethyl-2-butylammonium hydroxide 2-Methyl-1-butene 2-Methyl-2-butene 
78% 6% 


Elimination can be accomplished by treating а quaternary ammonium 
salt with strong base, although it is common to employ the quaternary ammo- 
nium hydroxide as the reactant so that no external base is required. The yield 
of alkene is usually high. In some cases the product of substitution by the 
base (nucleophile) may accompany elimination. The reaction has considerable 
historic importance, but its use is now limited in synthesis since it is often 
easier to begin with other, more available starting materials. 

+ А 
(CHs)sCN(CHs)2 OH- —— 
CH,CH, 
tert-Butylethyldimethylammonium hydroxide 
CH,=C(CH;), + CH,CH;N(CHj, + CH;—CH;- (CHj,CN(CHj); 
2Methylpropene — NA-Dimethylethylamine Ethylene | tert-Butyldimethylamine 
82 6 


+ А 
[NCH OH- TES 


N,N,N-Trimethylcyclopropylammonium hydroxide 


D» +ме»+ [> ме. + сњон 


Cyclopropene N,N-Dimethylcyclopropylamine 
45% 30% 


Provide an explanation for the markedly different reactions of the fol- 
lowing isomers: 


тт у, 
(СНз) С 
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PROBLEM 


14-38 


N(CH,),; OH- 


A 
АКУ "xa 


92% 


а Predict the products formed from the reactions of the erythro- and 
of the t/treo-N,N,N-trimethyl-1,2-diphenylpropylammonium iodides 
with sodium ethoxide in ethanol. Draw Newman projection formu- 
las for the reactions. 

b Account for the fact that the threo isomer reacts about 60 times faster 
than the erythro isomer. 


Before modern spectral analysis became available for routine use by 
chemists, the elimination of quaternary ammonium substrates was widely 
used in the structural elucidation of alkaloids and other nitrogen-containing 
compounds. This application of the elimination reaction is known as the Hof- 
mann degradation or Hofmann exhaustive methylation. The amino nitrogen 
atom of the compound under study is methylated to form a quaternary am- 
monium salt (Sec. 11-6B). Conversion of the salt anion to hydroxide using 
silver oxide, followed by heating of this product, accomplishes elimination. 


@ CHI (excess) К: Ag,O 
Na,CO, " H,O 
N 


AN E 
H ar “сн, 
Piperidine 
Wes -2> (CH,),NCH,CH,CH,CH=CH, 
WNC OH- N,N-Dimethyl-4-pentenylamine 
CH; CH, 


The above example shows that Hofmann degradation does not necessar- 
ily remove the nitrogen atom from the molecule. In this cyclic substrate the 
ring is cleaved, but the amino group is still a part of the product. A second 
Hofmann elimination step is required to complete the degradation of piperi- 
dine. 


(CH,),NCH,CH,CH,CH=CH, - о zug? CH; CHCH,CH—-CH, + МСН): 
ce edi 1,4-Pentadiene 
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PROBLEM Outline the steps in the complete Hofmann degradation of 2-methyl- 
14-39 piperidine. 


PROBLEM Coniine is one of the alkaloids isolated from hemlock. When optically 
14-40 active coniine undergoes Hofmann degradation, the major amine prod- 
uct (CjoH2,N) is optically active. Suggest a structure for this product. 


ep: 


№ CH,CH,CH. 
H Dae 


Coniine 


E. Pyrolytic Elimination 


Certain alkene precursors do not require an external reagent to promote 
elimination. Esters and amine oxides are two examples of such substrates. 
With these compounds, heating provides sufficient energy for the leaving 
group to function as an intramolecular base. Such thermal cleavage of a mole- 
cule is known as pyrolysis. 

When an ester (usually an acetate) containing a B-hydrogen atom on the 
alcohol portion of the molecule is heated (300—600*C), alkene and carboxylic 
acid are formed. The reaction is believed to proceed in a concerted manner 
through a cyclic six-membered transition state. Such pyrolytic elimination 
reactions are often designated as Ei—elimination, internal. 


CH,CO,CH,CH,CH,CH, -259 "€, CH,=CHCH,CH, + CH,CO,H 
Butyl acetate 1-Butene Acetic acid 


via 


As we might have predicted, the concerted pyrolysis proceeds in a stere- 
ospecific manner. The intramolecular-cyclic pathway necessitates syn co- 
planarity of the groups which depart. 
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CH4CO, D Н. CH. 
A \ 24, : 
HC сен, 8, = + CH,CO,D 
6 
CH; H C,H; H 
threo-2-Deuterio-1,2-diphenylethyl E-Stilbene (trans) 
acetate 74% 
CH;CO, Н д AL pen 
He —Cm CH; AES. + CH,;CO,H 
CoH; `p C,H, D 
erythro-2-Deuterio-1,2-diphenylethyl E-1-Deuteriostilbene (trans) 


acetate 


PROBLEM Consider the pyrolytic elimination of 2-deuterio-1,2-diphenylethyl ace- 
14-41 tate above. 


a Assign (R) or (S) configurations to the chiral centers of the threo and 


erythro diastereomers. 
b Draw a picture of the transition state in each case. 
c Suggest why the E isomer forms exclusively in both cases. 


Elimination is normally accomplished by passing the ester through a 
heated column of glass beads. The beads provide hot surfaces at which reac- 
tion occurs. An ester can often both be prepared and undergo elimination 
within the hot column if one uses a mixture of the precursor alcohol and acetic 
anhydride as reactants. 


CH4(CH;),,CH,OH + (CH,CO),O =", CH,(CH,),,;CH=CH, + CH,CO,H 


1-Octadecanol Acetic anhydride 1-Octadecene 
6876 


PROBLEM a Suggest an explanation for the observation that the B-hydrogen 
14-42 atoms are abstracted in an almost statistical manner under the condi- 
tions of ester pyrolysis. 
b Predict the relative product yields for exact statistical removal of B- 
hydrogen atoms from 2-butyl acetate and 2-methyl-2-butyl acetate in 
pyrolytic elimination. 


PROBLEM The Chugaev reaction is a pyrolytic elimination related to ester pyroly- 
14-43 sis. A xanthate ester is the starting material. 


5 
| 


H 

| | 

: e OH M» c € O—C—S-Nat+ -L 
У 


PROBLEM 
14-44 


PROBLEM 
14-45 
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H 5 
] 
ео scii puc йр“ + CH,SH + COS 


А xanthate 


Suggest а mechanism for the preparation of E-1,2-diphenylpropene 


from erythro-1,2-diphenyl-1-propanol by the Chugaev reaction. 


The pyrolysis of amine oxides, the Cope reaction, is a method of alkene 
synthesis closely related to ester pyrolysis. The oxygen atom of an amine 
oxide has a formal negative charge which functions as the internal base in this 
elimination process. Amine oxides are usually formed by peroxide oxidation 
of the corresponding tertiary amine (Sec. 11-6C). 


CH,CH,CHCH, sn, CH,CH,CHCH; NS 
(CH,).N (CH,),N*—O : > 
N,N-Dimethyl-2-butylamine N,N-Dimethyl-2-butylamine oxide 


CH,CH=CHCH, + CH;=CHCH,CH, + — (CH;),NOH 
2-Butene 1-Butene 
33% 


N,N- 
67% Dimethylhydroxylamine 
H,O, 
CH,N(CH MÀ, 
aie ü 2 ah MeOH 


N,N-Dimethylcyclohexylmethylamine 


:O5 
* | A 
CH,—N(CH;), > CH, 


N,N-Dimethylcyclohexylmethylamine Methylenecyclohexane 
oxide 88% 


Suggest an explanation for the observation that the amine oxide pre- 
pared from N,N-dimethylcyclooctylamine undergoes pyrolytic elimina- 
tion to give Z-cyclooctene almost exclusively, whereas the correspond- 
ing quaternary ammonium salt leads principally to E-cyclooctene on 
Hofmann elimination. 


Pyrolysis of threo-N,N-dimethyl-3-phenyl-2-butylamine oxide pro- 
duces E-3-phenyl-2-butene, 93%; 3-phenyl-1-butene, 7%; and essen- 
tially no Z-3-phenyl-2-butene. Provide a mechanistic explanation for 
these results. 


498 


Elimination Reactions—Alkenes and Alkynes 


Selenoxides, the organoselenium analogs of amine oxides and sul- 
foxides, have recently been introduced as excellent alkene precursors. They 
readily undergo elimination at or near room temperatures to give good yields 
of alkenes. 


M О er 
| ` 
1-C,4H44CH,CH;S6C,H, €, nC oH CH=CH, + C,H,SeOH 
Dodecyl phenyl selenoxide 1-Dodecene 


77% 


Organoselenium compounds have many similarities to organosulfur 
compounds. The selenium analog of a thiol, a selenol, is nucleophilic, highly 
odoriferous, and can be added to other molecules by a nucleophilic substitu- 
tion reaction to form a selenide. Once the desired compound is prepared, 
oxidation to the selenoxide is carried out at low temperature using a mild 
oxidizing agent such as hydrogen peroxide. The selenoxide is usually not 
isolated but is allowed to warm to room temperature as elimination proceeds. 
The stereochemical pathway in selenoxide eliminations is syn. 


H С;Н,5е H 
CH NaOE/EOH — ^ ^ X. 70% H,O,/THF 
"^ ne о + C H,SeH bere cur epi 
Депо! 
«Н, A selenol а 3 Hs 
A selenide 
jen 
C,H,Sé АИО: ав е 77 CH; 
С + CH,=CHCHC,H, 
н”; СН. 7 e 
d Y E CH; CH; 
E fos 15% 42% 
А selenoxide 


. Catalytic Dehydrogenation 


Elimination of hydrogen from a hydrocarbon is an important industrial 
process. The dehydrogenation is carried out at high temperatures over cata- 
lysts which are normally composed of metal oxides. The technology of this 
type of continuous catalytic process is very sophisticated. Temperature, cata- 
lyst composition, and flow rate through the reactor are critical factors in con- 
trolling yields and side products. Steam and nitrogen are two carrier gases 
used to sweep the starting material and products (including hydrogen) 
through the catalyst. The nature and concentration of those "inert" gases are 
often important variables of the reaction. 

C,H,CH,CH, ее" CH CH=CH, + Н, 


Ethylbenzene Ethenylbenzene 
(Styrene) 


CH,—CHCH,CH, -Ох4° ая, CH, CHCH-—CH, + Н, 


1-Butene 1,3-Butadiene 
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(CH,),;CHCH, сомо, (CH,),C=CH, + Hy 
2-Methyl propane 2-Methylpropene 
Laboratory dehydrogenation is usually limited to reactions which do not 


require very high temperatures. Formation of relatively stable aromatic sys- 
tems falls into this category. 


С) = i аі 
200°С 


1,2,3,4-Tetrahydronaphthalene Naphthalene 
(Tetralin) 
cii e @ oes 
A 
Cyclohexane Benzene 


14-6 Formation of Alkynes 


1,2-Elimination from alkene derivatives and double 1,2-elimination of 
substituted alkanes are routes to alkynes (acetylenes). Both vicinal (1,2-) and 
gem (1,1-) dihalogen compounds are suitable starting materials for the double 
elimination. Like alkene formation, elimination to form alkynes usually fol- 
lows an anti stereochemical pathway. 


cH,=cHcl OH, нс=сн 
Chloroethene Ethyne 
(Vinyl chloride) (Acetylene) 


C,H,CHBrCHBrC,H, Конон, C H,Ce CCS, 


1,2-Dibromo-1,2-diphenylethane Diphenylethyne 
(Diphenylacetylene) 
69% 


Br Br 
| | 
BrCH,CHCH,CH,CHCH,Br Ха, HC=CCH,CH,C=CH 
1,2,5,6- Tetrabromohexane 1,5-Hexadiyne 
(Dipropargyl)* 
56% 


PROBLEM Both the E- and Z-2-chloro-butenedioic acids (chloromaleic and 
14-46 chlorofumaric acids) dehydrochlorinate to give butynedioic acid 


(acetylenedicarboxylic acid). The Z acid reacts about 50 times faster 
than does the E. Explain this result. 


* The 2-propynyl group (HC=C—CH,—) is often called propargyl. 
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PROBLEM 
14-47 


Elimination reactions that form alkynes are usually slower than the re- 
lated alkene-forming processes. Stronger bases and higher temperatures are 
required unless stabilizing substituents in the molecule favor reaction. 


1) KOH/EtOH/A 


> C,H,C=CCO,H 


2)н,о+ 
Вг Br 3-Phenylpropynoic acid 
(Phenylpropiolic acid) 
сун,ён—снсо,н MEL 
2,3-Dibromo-3- Br 


phenylpropanoic acid 


1) Na,CO,/H,O/A 


| 
URL C,H,CH—CCO,H 


2-Bromo-3-phenylpropenoic acid 


There is a tendency for migration of the triple bond to occur during 
elimination because of the high temperature and strongly basic reaction con- 
ditions normally employed. Since more-substituted triple bonds are more 
stable than their less-substituted counterparts, l-alkynes may isomerize to 
2-alkynes. Isomerization is presumed to proceed through an allene. 


CH,(CH,),C=CH топле. CH,(CH,),C=CCH, 


1-Octyne 2-Octyne 
RCH—C=CH 
N 

RCH,C=cH OH. | Nat ВОН, RcH=c=cH, 0н 
чен) u An allene 

RCH=C=CH 

RC=C=CH, 
] Na+ ВОН, RC=CCH, 


Isomerization of an internal triple bond to the terminal position can be 
accomplished with sodium amide in a high-boiling-point hydrocarbon 


solvent. The terminal sodium acetylide formed in the allene-acetylene 
equilibrium is insoluble in the nonpolar hydrocarbon. As the acetylide 
forms, it precipitates and can be recovered and protonated to give the 
less stable isomer. Show the steps in the isomerization of 2-nonyne to 
1-nonyne using sodium amide in a hydrocarbon solvent. 


Isomerization of the triple bond limits the utility of elimination reactions 
in the formation of alkynes. Substitution by an acetylide (Sec. 11-7C) is often 
the preferable pathway to a desired product. 


PROBLEM 
14-48 
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Acetylene (ethyne), the parent alkyne, is an important industrial gas 
and petrochemical starting material. It is unstable under pressure and must 
be stored as a solution in acetone or absorbed on materials known as molecu- 
lar sieves to avoid explosion. 

Most acetylene is currently prepared from petroleum feedstock. Cata- 
lytic dehydrogenation of hydrocarbons in petroleum "cracking" units operat- 
ing above 1200°С is its major source. The process is favorable because acety- 
lene is thermodynamicaly more stable than ethylene and most other 
hydrocarbons at temperatures above 1150°С. The hydrogen formed in the 
dehydrogenation process is employed in other processes such as the conver- 
sion of nitrogen to ammonia for use as an agricultural fertilizer. 


cH,=cH, 218 НСЕСН + Н, 

Earlier in this century, acetylene was manufactured by the hydrolysis of 
calcium carbide. The carbide is prepared by heating coke and lime (calcium 
oxide). When world petroleum resources decline, the carbide process based 
upon coal might become important for the petrochemical industry. 


В cao eap ИСЧО 


Calcium carbide 


CaC, + 2H,O —> HC=CH + Ca(OH), 


Draw the structure and provide a name for the major organic product in 
each of the following reactions: 


NaNH, 
eral oil, 150*C 


b C,H,CH—CHBr MM. 


a n-C,H,,;CHCl, n 


c {У ацененыенаи ЗА Н > 
Kerosene, 200*C 


NaOH/EtOH 
A 


d CH,CH,C(Cl),CH, 


14-7 Other Double and Triple Bonds 


The principles of elimination can also be applied to the formation of 
carbon-heteroatom multiple bonds. The dehydrogenation of alcohols is an 
important oxidative pathway to aldehydes and ketones (Sec. 4-3). Dehydra- 
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tion across a carbon-nitrogen bond provides a method for preparing nitriles 
and imines (Sec. 8-6). 


А. Aldehydes and Ketones 


Oxidation of alcohols to aldehydes or ketones is a very useful elimina- 
tion reaction. Chromic acid and chromium trioxide complexes are the rea- 
gents most extensively used in the laboratory, though sodium hypochlorite 
(common household or swimming-pool bleach) is finding increasing use be- 
cause it has no heavy metal waste products that might contaminate the envi- 
ronment. 


OH O 
+ CrO, + H,SO, Acetone 


Cyclooctanol Chromium Sulfuric Cyclooctanone 
trioxide acid 96% 


п-СьНзСН.ОН + CrO,:2C,H,N E п-С,Н,;СНО 
1-Heptanol Chromium trioxide- Heptanal 
pyridine 93% 


OH [9] 


Cyclohexanol Cyclohexanone 
95% 

The mechanism of chromic acid (chromium trioxide in acid) oxidations 
has been extensively studied. A chromate ester forms initially and then un- 
dergoes a 1,2-elimination to produce the double bond of the carbonyl group. 
The base in this sequence is usually a solvent such as water or pyridine. The 
progress of the oxidation can be followed by observing the color of the rea- 
gent as it changes from yellow-orange to green. 


(CH;),CHOH + CrO2- + 2H* == (CH,),CHOCrO,H + H,O 
2-Propanol 


(CH;),C5-O-&CrO;H — (CH,),C=O + CrO,H- 
T 2-Propanone 
“Base” 174 (Acetone) 


PROBLEM The rate of oxidation of 2-deuterio-2-propanol [(CH3);CDOH] with 
14-49 chromic acid is only one-sixth as fast as the comparable oxidation of 


2-propanol. Discuss this result in relation to the 1,2-elimination mecha- 
nism proposed for oxidation. 


PROBLEM 


14-50 
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It has been suggested that an external base may not be needed to re- 
move the -proton in the chromic acid oxidation of alcohols. The chro- 


mate group could be an internal base. Suggest a mechanism for such an 
intramolecular elimination of a chromate ester. 


Further oxidation of the aldehydes during chromic acid oxidation of pri- 
mary alcohols may limit the yield of the desired product. Various modifica- 
tions of the procedure have been developed to minimize that problem. If the 
aldehyde has a lower boiling point than the alcohol and the reaction solvents, 
product may be distilled from the reaction mixture as it forms. 


CH,CH,CH,OH + K,Cr,O; 5t» CH,CH,CHO 
1-Propanol В Propanal 
(bp 97*C) (bp 50*C) 
49% 


Ketones are not easily oxidized, so that their preparation from second- 
ary alcohols is synthetically simpler than aldehyde formation. Oxidation of 
tertiary alcohols requires more extreme reaction conditions because а carbon- 
carbon bond must be cleaved. 


GH OBL Na CEs SOO, ‘с, о 
(09 25 Tnm Ts 


4-Ethylcyclohexanol Sodium dichromate 4-Ethylcyclohexanone 
90% 


О 
| 
oe + СО; Hos, C;H,C(CH;),CO;H 
OH E 


1-Phenylcyclohexanol 6-Oxo-6-phenylhexanoic 
acid 
81% 


Dimethyl sulfoxide (DMSO) can be employed to oxidize alcohols under 
conditions considerably milder than those that are required when chromium 
trioxide reagents are used. We observe in this process an interesting combina- 
tion of the nucleophilic property of DMSO and the leaving ability of dimethyl 
sulfide. 

The alcohol hydroxy is first converted to a better leaving group, usually 
tosylate or halide. Nucleophilic substitution by the oxygen atom of dimethyl 
sulfoxide forms an intermediate alkoxysulfonium ion. A carbonyl group is 
formed as dimethyl sulfide departs from the oxygen atom and a B-hydrogen 
atom is removed. The product does not oxidize further under the reaction 


conditions. 
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CH,(CH,),CH,OH 9 n-CH,(CH,),CH,OTs 
1-Octanol ig 1-Octyl tosylate 
95% 
& НЕЕ 
(CH,),5—O 7 + CH,(CH,)gCH, OTs ансо), 
Dimethyl sulfoxide 


CH (CH,),CH O- (CH) —> CH,(CH,),CHO + (СН.),5 


H Octanal Dimethyl sulfide 
y 70% 
НСО; 


PROBLEM Suggest mechanisms for each of the following reactions: 


14-51 Br x. о 
а CH,CH,CH,CHCH, + O мне, CH,CH,CH, CH, 
+ 


О 
он 
b 1) DMSO/BF, 
2) H,O 


Catalytic dehydrogenation is an important industrial method for con- 
verting alcohols to aldehydes or ketones. The reactions require high tempera- 
tures, and so they are not normally used in the laboratory. 


Chromium oxide- 


CH,CH,CH,CH,OH ae CH,CH,CH,CHO 


1-Butanol Butanal 
62% 
y? 7 
CH,(CH,);CHCH, =>> CH,(CH,),CCH, 
2-Octanol aie une 
95: 


Glycols (1,2-diols) are oxidized with periodic acid or lead tetraacetate by 
cleavage of the carbon-carbon single bond between the hydroxy groups. Two 
carbonyl groups are formed in the process. The technique is one of the few 
mild methods for cleaving carbon-carbon single bonds, and it is efficient 
enough to be used in certain analytical procedures. 
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OH OH 
CH,(CH,),CH—CH(CH,),CO,H + ню, ЕН, 
9,10-Dihydroxyoctadecanoic Periodic 
acid acid 


(9,10-Dihydroxysteric acid) 
CH4(CH;),CHO + OHC(CH,);CO,H 


Nonanal 9-Oxononanoic acid 
76% 76% 

T ọn [o] 
2 
n-C,HyO,CCH—CHCO,C,Hy-n + Pb(OAc), > 2 »-C HO, CC 

н 

Dibutyl 2,3-dihydroxybutanedioate Lead 1-Butyl 2-oxoethanoate 

(Dibutyl tartrate) Tetraacetate (Buty! gloxalate) 


The reactions have been formulated as proceeding through cyclic esters 
which undergo 1,2-elimination, though there is some evidence that this may 
not be the only pathway with lead tetraacetate. 

Che 
HOA он 
OH OH T O 


5 | 
сну Чен), EM (CH, — (CH), — 
(CH,),C=O + O—C(CH,), + 105 + HO 


PROBLEM Low-molecular-weight cis glycols undergo periodic acid cleavage faster 
14-52 than their trans isomers do. Relate this to the proposed reaction mecha- 
nism. 


PROBLEM Suggest a mechanism for the oxidative cleavage of a 1,2-diol using 
14-53 РЬ(ОАс); consistent with the following data: (i) cis glycols react more 
rapidly than trans glycols; (ii) the reaction is second-order; first-order 
in glycol and first-order in reagent; (iii) addition of acetic acid slows the 

reaction; and (iv) lead is reduced from Pb** to Pb?*. 


B. Nitriles 


The dehydration of amides or aldoximes (oximes of aldehydes) is a com- 
mon elimination reaction leading to nitriles. (We have previously considered 
a substitution route to nitriles; Sec. 11-7B.) Many chemical dehydrating agents 
are employed in the reactions, the most common being thionyl chloride or 
phosphorus pentoxide. 
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CHCH, о CH,CH, 
CH,CH,CH,CH,CHC” o CH,CH,CH,CH,CHC=N 
“мн, а Зее 
94' 


2-Ethylhexanamide 


o 
c C=N 
9 ^w 
N^ N^ 


Nicotinamide Nicotinonitrile 
84% 


aN 


C,H;CH=CHCH=NOH 229, C,H,CH=CHC=N 


Cinnamaldoxime Cinnamonitrile 
70% 


These methods accomplish conversion of an aldehyde to a nitrile 
(through the oxime) or of a carboxylic acid to a nitrile (through the amide). An 
industrial method for formation of a nitrile from a fatty acid involves passing a 
mixture of the acid and ammonia over a hot catalyst. The intermediate amide 
is dehydrated without being isolated. 


О 
VA 
CH,(CH,),CO,H + NH, => CHCH), —> CH,(CH,),C=N 
Hexanoic acid а NH, Hexanenitrile 
(Caproic acid) (Capronitrile) 


14-8 Summary 


A. 1,2-Elimination Reactions 


A 1,2-elimination reaction involves the loss of groups from two adjacent 
atoms of a molecule and subsequent formation of a multiple bond between 
those two atoms. The reaction accomplishes formation of alkenes and alkynes 
as well as the carbonyl, nitrile, and other groups with carbon-heteroatom 
multiple bonds. 

хан 
сари 
—С—С— — — + = 
Ф $ Ls C. +Et +L 


The most common elimination reactions are promoted by strong base, 
since a proton is one of the groups which usually departs. In some cases the 
base is present-within the molecule undergoing elimination, so that no exter- 
nal reagent is required. ] 

The timing of departure of the two leaving groups is variable, and it 
accounts for three mechanistic designations for elimination: 
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Е1: The leaving group (L) departs first to produce an intermediate carbocation 
in the rate-controlling step. 

E2: Both groups depart simultaneously. 

Е1сВ: A B-proton is removed initially to produce an intermediate carbanion. 
Departure of the leaving group from that anion may be the slow or fast 
step in the elimination sequence. 


Groups can depart from the same side of the molecule (syn elimination) 
or from opposite sides of the molecule (anti elimination). Anti elimination is 
normally preferred, but stereoelectronic consideration of the interacting mo- 
lecular orbitals suggests that coplanarity of the departing groups is the impor- 
tant factor. 

If two different B-hydrogen atoms can be removed, a mixture of alkenes 
may result. When the more-substituted alkene forms, product formation is 
said to follow Saytzeff orientation. Formation of the less-substituted alkene is 
the result of Hofmann orientation. 

The competition between elimination and the closely related substitu- 
tion reaction is particularly important in synthesis. Strong bases favor elimi- 
nation; good nucleophiles favor substitution. Substrate, structure, and reac- 
tion conditions also influence the relative rates of elimination and 
substitution. In general, substitution is a more favorable reaction than elimi- 
nation. 


. Formation of Multiple Bonds 
Dehydrohalogenation (Secs. 14-5A and 14-6). 


ее м, Эс” ны Bet, C=C + HBr 


Dehydration 
a To form alkenes (Sec. 14-5C). 
H OH 


ИХ / 
gw d T (с=с + H,0 
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b To form nitriles (Sec. 14-7B). 


R—C — RCEN + H,O 
NH, 


R—CH=NOH —> RC=N + H,O 


Elimination from onium ions (Sec. 14-5D). 


Pyrolytic elimination (Sec. 14-5E). 
H 3 
—р-р-о-ссн, TN с=с + CH,CO,H 


\ 
—C—Se* › С m SeOH 


Catalytic dehydrogenation (Sec. 14-5F). 
ra 
ge CMM МАЯ” 
zt f " IG +H, 


Formation of aldehydes and ketones (Sec. 14-7A). 


H о 
" 2 
R—CH—OH Oxidation, р e 
N 
H 
T 7 
R ¢ R Oxidation „ R—C—R 
H 
OH on n 9 
Roce стек 


14-9 


14-54 


14-55 
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Supplementary Problems 


Predict the major organic product(s) from each of the following reactions: 
Br 
a + Naot ВОН, 
Вг 


b (CHj,COTs + NaOH 42°, 
OH 


| 
c [У вис, HSO, 
Br 
d ане + (CH,);CHONa 


она TES 
Я © SecH, 
сық 


ен) 


(CH,),CHOH 
оаэ 


f ЖО м сме 


Е рав 375°C 
O,CCH, 
1) СН, (excess) 
— 
б УЕ 2) AO 
34 


CH; 


CH, 
j CH,CH,CHCHCH, aes 
+N(CH,), OH- 
CH, 


к CH,CO,CHCH,CH, 229%, 


1 Br-(CH,),NCH,CH,N(CH,),Br- + NaOH — > 


H 
m p-CICH,C(CD,C(CD, Сонс ACH, 


509 


The reaction of tert-butyl bromide in aqueous ethanol gives the following three prod- 
ucts: tert-butyl ethyl ether, 29%; tert-butyl alcohol, 58%; isobutylene, 13%. Discuss the 


product mixture in regard to the competing reactions. 
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14-56 


14-57 


14-58 


14-59 


Methyl methacrylate (methyl 2-methylpropenoate), the starting material for manufac- 
ture of the polymer known as Plexiglas or Lucite, is commercially prepared from ace- 
tone. Cyanohydrin formation is one step in the multistep sequence. Suggest a synthe- 
sis of methyl methacrylate from acetone. 

Provide an explanation for the observation that the pyrolytic elimination of 2-butyl 
acetate gives both Z- and E-2-butene (in addition to 1-butene) even though the reaction 
is a stereospecific syn process. 

Lead tetraacetate will oxidize cis as well as trans glycols. Suggest a mechanism for the 
oxidation of a trans glycol. 


Predict the major organic product(s) from each of the following reactions: 


a C;H,CH,CH;OH + СО, pyridine -Attene , 
Br 

А | мн, 
СНСН,Вг + NaNH, ——*> 


(CH,),CH 
A 
N(CH,); OH- 4 
с >o 
Н; 
CH. 
Я npa 5 бос, 
CONH, ^ 


C,H, Se 
e CH,CH,CHCO,CH, ue, 


CH, 


Br 
E M сун 1) H,O,/THE/0* C 
CO,GH, , 2:276 


i 
h CH,CH,CHCH,Br 


i [Жен + Na,Cr,O, 15%, 


Zn/HOAc 
A 


AL FH 
haea рр 28087 
CH; 4 ^a 
GH; 
Е 
к CH,;CHC(CH,), „№: , 


14-60 


14-61 


14-62 


14-63 


14-64 
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m HOCH,CH,CH,CH,OH 20, 

Amine oxides are normally prepared in aqueous medium and isolated as hydrates. 
The pyrolytic elimination reaction (Cope reaction) is usually carried out on these hy- 
drates and requires temperatures of 120-200*C. When free of water, the amine oxides 
undergo reaction in anhydrous DMSO at room temperature. Explain this result. 


The reaction of tert-butyl propionate with dilute acid produces propionic acid and 
isobutylene (2-methylpropene). Suggest a mechanism for the reaction. 

In aqueous ethanol, A undergoes dehydrohalogenation faster than B does. Further- 
more, the elimination of A gives only the 1-alkene, whereas B gives 80% 1-alkene and 
20% 2-alkene. Explain these results and account for the predominance of the less- 
substituted alkene product from A. 


Cl C 
| 
(CH3);NC(CH;),CH;C(CH3), (CH). CHCH, ACH) 
A B 
B-Haloacids can undergo a fragmentation reaction to produce alkenes. 
CH; 
BrCH,¢—CO,H Hem. CH,—C(CHj), + CO, 
CH; 
a Propose a mechanism for the reaction. 
b Compare this reaction with the decarboxylation of B-keto acids. 
Provide an explanation for each of the following observations: 
a Grignard and alkyllithium reagents cannot be prepared from vicinal (1,2) dihalides 


and magnesium or lithium metal. 
b Acid-catalyzed fragmentation of A gives В and С rather than D and Е. 


КЕ он 
(C&H3),CC(CH3))C(CH3) (С,Н,),С=С(СНз), 
А B 
(CH3,C—O (C4HjSC—O (СН;);С=С(СН;), 
c D E 


c Styrene (phenylethene) is the major product from the elimination of N,N-dimethyl- 
N-ethyl-2-phenylethylammonium hydroxide, even though the more-hindered g- 
hydrogen atom must be removed. 

d Compound F, but never G, is obtained when 2-bromo[2.2.1]bicycloheptane under- 
goes dehydrohalogenation, even though G is the more-substituted alkene. 


FE EX 
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14-65 Suggest a sequence for the synthesis of the following compounds from the starting 


material indicated plus any other required materials. 

а 1,1-Diphenyl-1-butene from benzophenone 

b 2-Butenenitrile from acetaldehyde 

c L6-Heptadiene from 3-bromo-1-propanol 

d Cycloheptene from cycloheptanone 

e 3-Phenyl-I-butyne from acetophenone (1-phenylethanone) 


*14-66 When the cis- or trans-2-bromo-3,3-dimethylcyclohexanols are treated with strong 


base, each gives a single product. The products are isomers with a mass spectral 
molecular ion at m/z = 126. Product A from the cis reactant has a strong IR absorption 
at 1710 стг! (5.85 um), whereas product B from the trans reactant shows no charac- 
teristic IR peaks (other than C—H stretching) in the functional group region. The 
1H-NMR spectrum of A has peaks at 0.9 ppm (s, 3), 1.2-1.7 ppm (т, 2), and 2.3 ppm 
(т, 2); the spectrum of B has peaks at 0.9 ppm (s, 3), 1.5-2.2 ppm (т, 3), and 3.1 ppm 
(s-broad, 1). Identify the two products and account for their formation. 


*14-67 Compound A (C15H;sO;) has a characteristic IR absorption at 3620 cm ^! (2.8 um) and 


FIGURE 14-6 
P C-NMR spec- 
trum of com- 


pound B, Prob. 


14-67. 


peaks in its H-NMR spectrum at 1.2 (5, 3), 5.3 (s, 1), and 7.4 (s, 5) ppm. When A is 
treated with periodic acid, B is produced. Compound B has a characteristic IR absorp- 
tion at 1690 cm * (5.9 um) and peaks in its 'H-NMR spectrum at 2.4 (s, 3) and 7.2-8.0 
(m, 5) ppm. The ?C-NMR spectrum of B is reproduced in Fig. 14-6. Identify com- 
pounds A and B. 


Ta 


198 
(offset 20) 


1 
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ё-ррт 
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*14-68 Use the spectral data reproduced in Fig. 14-7 to identify the compound СоНлоО. 


FIGURE 14-7 500 300 100 0 Hz 
Spectral data for 
Prob. 14-68. 
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*14-69 The highly toxic alkaloid nicotine can be extracted from tobacco leaves. The molecular 
weight is 162, and elemental analysis shows: С = 74.02%, Н = 8.70%, and 
М = 17.28%. Nicotine forms a dichloride salt when treated with НС! and gives nico- 
tinic acid (3-pyridinecarboxylic acid) as one of the products of oxidative cleavage. Hof- 
mann degradation of nicotine gives a product C;;HisN2, which, when degraded fur- 
ther by the Hofmann method, produces 1-(3-pyridyl)-1,3-butadiene. The ‘H-NMR 
spectrum of nicotine is reproduced in Fig. 14-8. Propose a structure for nicotine. 


FIGURE 14-8 500 400 300 200 100 0 Hz 
H-NMR spectrum 
of nicotine. 
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*14-70. Use the spectral data of Fig. 14-9 to identify C4H;O». 


FIGURE 14-9 500 400 300 
Spectra for Prob. 
14-70. 
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FIGURE 14-9 
(Continued) 
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The addition and substitution reactions discussed in preceding chapters 
involve formation of new bonds between nucleophilic reagents and carbon 
atoms of various substrates. We learned that an electron donor, a Lewis base, 
can form a bond to an atom which is, or which can readily become, electron- 
deficient. 

In this chapter we will consider reactions in which electrophilic reagents 
become bonded to electron-rich atoms of substrates. Electrophilic reagents are 
characterized by atoms with incomplete outer electron shells. They are classi- 
fied as Lewis acids. Positively charged species such as the proton and various 
carbocations are very important electrophiles. Halonium ions, positively 
charged halogen atoms, are rather interesting species of importance in elec- 
trophilic reactions. Some noncharged centers—such as the electron-deficient 
boron atom in boranes, and certain transition metals—also function as elec- 
trophiles. Table 15-1 illustrates some important electrophiles. 


TABLE 15-1 Important Electrophiles 


+ E 
H* —B— ше = 
| | 
Proton Borane Carbocation Carbene 
* 
NO; 1X: SO, 
Nitronium Halonium Sulfur 
ion ion trioxide 


The most important substrates to which electrophilic reagents add pos- 
sess carbon-carbon multiple bonds; they are alkenes and alkynes. Electro- 
philic additions are the principal reactions of alkenes and alkynes because the 
pi electrons of those functional groups provide the required regions of high 


electron density. 


CH,—CH, + H,O — CH,CH,OH 
Ethylene Ethanol 


15-1 
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Br 
+ Bry —> 


Br 
Cyclopentene 1,2-Dibromocyclopentane 


CH=CH + HCl —> CH,=CHCI 
Acetylene Chloroethene 
(Vinyl chloride) 

Aromatic compounds, another class of unsaturated materials, also pos- 
sess electron-rich multiple bonds and undergo reactions with electrophiles. 
However, electrophiles almost always react with these compounds to give 
products of substitution. This is a consequence of the energetic drive to main- 
tain aromaticity (Sec. 7-4D). We will explore the chemistry of aromatic com- 
pounds in Chaps. 17 through 19. 


E 
O=- nid 


The Mechanism of Electrophilic Addition 


Electrophilic additions to multiple bonds involve conversion of a pi bond 
to two new sigma bonds. That structural change is just opposite to the change 
that occurs in the elimination reactions we studied in the previous chapter. 
We will find that the mechanism of electrophilic addition is closely related to 
the reverse of the E1 elimination. 


. The Adg2 Mechanism 


When a dilute solution of hydrogen chloride is allowed to react with an 
alkene, addition of H—CI to the carbon-carbon double bond follows second- 
order kinetics. The reaction is first-order in alkene and first-order in the elec- 
trophilic reagent. A similar kinetic equation is usually observed for hydration 
and other related additions. The reactions are designated as Ad;2: addition, 
electrophilic, bimolecular. 


CH, cl 
JC-cH, + на — сн.—© CH; 
CH; CH, 


Rate = k{(CH,)yC=CH,][HCl] 


Formation of a sigma bond between the proton and one carbon atom of 
the double bond is the rate-controlling step. The intermediate carbocation 
which forms initially then reacts rapidly with the nucleophile to give the 
product. 

CH; 
SHG PH са 
CH; 


т.с.з. 


> CH; ¢ CH, + CI- 
CH, 
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с 
Em M | 
єн,—©=сн, pa 2, CH,-C—CH, 
CH, CH, 


The minor product observed when НС! adds to 3,3-dimethyl-1-butene 
provides strong support for a mechanism involving a carbocation intermedi- 
ate. 


[e] cl 
| | 
(CHj,CCH—CH, + HCl —> (CHj),CCHCH, + (CH,),CCH(CH,), 
3,3-Dimethyl-1- 2-Chloro-3,3- 2-Chloro-2,3- 
butene dimethylbutane dimethylbutane 
83% 17% 


That product, 2-chloro-2,3-dimethylbutane, is the result of the migration of a 
methyl group with its bonding electron pair to the initially formed secondary 
carbocation. A more stable tertiary carbocation is formed. We saw a similar 
rearrangement during certain substitution reactions that proceed by the Sy1 
mechanism. Subsequent addition of chloride produces the addition product 
with a rearranged carbon skeleton. 


CH; 
Via: CH,—C2CHCH, — CH, CH(CH, 
Hy CH; 

The Ad;2 mechanism has a similarity to that which was proposed for 
addition across a carbonyl double bond (Sec. 8-1). Yet we have labeled the 
addition to an alkene electrophilic, whereas addition to a carbonyl group was 
termed nucleophilic. What is the difference between these two addition reac- 
tions? 

Both reactions involve addition of a nucleophile and an electrophile to a 
double bond. With alkenes, addition of an electrophilic reagent to a carbon 
atom governs the rate and orientation (Sec. 15-2) of the process, hence the 
label "electrophilic addition." In contrast, addition of a nucleophile to a car- 
bon atom controls the reaction at a carbonyl group. We classify the latter 
process as a nucleophilic addition. 

We might ask whether classification as nucleophilic processes would be 
reasonable for describing additions to alkene double bonds. Recall that the 
nucleophilic addition description for addition to a carbonyl carbon atom is 
justified by the ability of the carbonyl oxygen atom to accommodate a nega- 
tive charge. An alkoxide anion forms as a result of the nucleophilic addition. 


Nu foa e Ex Ni-C-O:- 

Similar addition of a nucleophile to an alkene would generate a carban- 
ion. In most cases such an intermediate is considerably less stable than an 
alkoxide. We will find that nucleophilic additions to alkenes are favorable 
only when an electron-withdrawing group is attached to the carbon-carbon 
double bond. 


PROBLEM 


15-1 
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Nu C. ec — м0 {7 


2 


Unfavorable 
intermediate 


When aqueous acid is added to 2,2-dideuteriostyrene, no deuterium is 
lost from the styrene. How does this result support the А42 mecha- 
nism: 


OH 
C,H,CH=CD,+H;O+ — C,H,CHCD,H 


B. Structural Effects and Reactivity 


We can obtain further support for the mechanism of electrophilic addi- 
tion by examining the influence of structural changes on the rates of the 
reactions. If addition of the electrophile is indeed the rate-controlling step, 
then we would expect an increase in electron density at the multiple bond to 
favor reaction. Electron-donating groups should enhance reactivity, and elec- 
tron-withdrawing groups would be expected to decrease the rate of reaction. 

Tables 15-2 and 15-3 record the effects of substituents on the relative 
rates of some bromination (Sec. 15-3A) and hydration (Sec. 15-3C) reactions. 
The results again demonstrate that even an alkyl group can be a significant 
electron donor as compared with a hydrogen atom. 


TABLE 15-2 Substituent Effects on the 
Rates of Bromination 


Br 
CH,=CH-R + Br, Um BrCH,—CH—R 
R=H kei = 1.0 
= CH, = 
= CO,C,H, 23x17 


TABLE 15-3 Substituent Effects on the 
Rates of Hydration 


OH 
H* | 
CH= + но “> сн 
R' R 
R =CHy R’ =H =10 
R=R = CH, кал 
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PROBLEM 


15-2 


15-2 


Alkynes are usually less reactive toward electrophilic addition than simi- 
larly substituted alkenes. A clue to understanding this difference in reactivity 
is obtained by examining the intermediates formed in each case. Addition of 
an electrophile to a double bond generates the positive charge on a saturated 
carbon atom, whereas similar addition to a triple bond leads to a vinyl cation. 
Although relative stabilities of saturated and vinyl cations are not well under- 
stood, it is generally found that the tricoordinate cation is easier to form than 
a similar dicoordinate cation. 


E 


+. p3 + 
Et + С=С — }с=С— 


ху ШУ | 
" li 
BRE RR EK 
A vinyl cation 


Another factor is the relative nucleophilicity of carbon-carbon double 
and triple bonds. Acetylenic carbon atoms are associated with high s-orbital 
character. Thus alkynes are expected to have a greater affinity for electrons 
than alkenes have (Sec. 2-7). Alkyne electrons would therefore be less avail- 
able to function as nucleophiles. The order of reactivity in these electrophilic 
addition reactions seems reasonable. 


Arrange the following alkenes in the order of decreasing reactivity in 
electrophilic addition: 


C,H;CH=CHCO,H, p-CIC;H,CH—CHCO,H, p-NO,C,H,CH—CHCO,H, 
p-CH,OC,H,CH—CHCO,H. 


Direction and Stereochemistry of Addition 


Most alkenes and alkynes are unsymmetrically substituted; that is, dif- 
ferent groups are connected to either end of the multiple bond. Addition of an 
unsymmetrical reagent to the unsaturated bond can, in principle, take place 
in either of two directions. In fact, we will learn that addition normally occurs 
in only one direction. 


| 
—cic=c— + Hx 4 
| А A 


PROBLEM 
15-3 
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When a reagent adds across a double bond in only one direction, the 
process is termed regiospecific. If one direction of addition is favored, but not 
unique, then the reaction course is regioselective. We encountered related 
terminology in our discussions of elimination reactions (Sec. 14-3). 


. Markovnikov Orientation 


The regiospecific addition of an unsymmetrical reagent to an unsymmet- 
rical alkene or alkyne was recognized early in the history of organic chemis- 
try. In the mid-nineteenth century the Russian chemist Vladimir 
Markovnikov proposed a rule for electrophilic addition based on the experi- 
mental data then available. He suggested that the addition of an acid (HX) 
across a carbon-carbon multiple bond proceeds in such a way that the pro- 
ton adds to the carbon atom already bearing the greater number of hydrogen 
atoms. 


cl 
CH,CH=CH, + HCl —› CH,CHCH, 
Propene 2-Chloropropane 
1 
Н +Н-> 
CH; 
1-Methylcyclohexene 1-lodo-1-methylcyclohexane 


1 
CH,C=CH + HCl —» CH,C=CH, 


Ргорупе 2-Chloropropene 
Үн 
(CH;),C=CH, 4-H,O -Н*» — (CH), CCH; 
2-Methylpropene 2-Methyl-2-propanol 


(tert-Butyl alcohol) 


A modern understanding of the electrophilic addition mechanism al- 
lows us to explain the basis for Markovnikov's rule. Initial addition of the 
electrophile (the proton) controls regiochemistry. The more favorable carbo- 
cation intermediate forms via the energetically more favorable transition 
state. We can therefore state Markovnikov's rule in more general terms: the 
electrophile adds to the double bond so as to form the more stable carboca- 
tion. 


The regiospecific addition of HI to N,N,N-trimethylethenylammonium 
iodide violates the classical statement of Markovnikov's rule. Provide a 


modern interpretation for the direction of addition in this case. 
* 
CH,—CHN(CH;)4I- + НІ —> ICH;CH;N(CHI- 
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B. Stereochemistry of Addition 


The electron density associated with the pi bond of an alkene is greatest 
above and below the plane of the double bond. Stereoelectronic considera- 
tions (Sec. 14-4B) suggest that the most favorable approach for the electro- 
phile is toward these electron-rich regions—that is, perpendicular to the 
plane of the double bond. 


But we must not forget that two atoms or groups actually add to the 
double bond. The total reagent might be divided (conceptually) into an elec- 
trophilic and a nucleophilic portion (E—Nu). The parts of the reagent may 
add to the double bond from the same side or from opposite sides of the 
substrate molecule. When both parts add to the same side of the molecule, 
we call the process syn addition. 


E* Nu- 

A Xx E „№ 

ог С 

B Y xd Y 
Syn addition 


Addition of the two components of the reagent on opposite sides of the al- 
kene is known as anti addition. 


E* 
А. X E 
^ "C Ve 
© вики fe — 
B Z A 1 Nu 
Мис 
Anti addition 


The terms syn and anti are stereochemical designations for a chemical 
process. Each term signifies one specific mode of addition. We used the same 
terms to describe the stereochemistry of elimination reactions (Sec. 14-4). In 
terms of stereoelectronics, addition is just the opposite of elimination. The 
close relation between elimination and electrophilic addition is again obvious. 

Many addition reactions are stereoselective, and some are even stereo- 
specific. There is a general tendency for electrophilic additions to favor anti 
stereochemistry. This tells us that a reagent-substrate interaction can contrib- 
ute in some way to configurational stability during the reaction. We will see 
for example, that the anti stereospecificity observed for the addition of bro- 
mine to an alkene is attributed to formation of an intermediate bromonium 
ion (Sec. 15-3A). Similarly, the stereospecific syn hydroxylation by permanga- 
nate probably involves a cis cyclic ester intermediate (Sec. 15-3E). 
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Qui 
SIA 
Br о’ № 
iive Jer 
df № 7 N 
A bromonium ion A cyclic permanganate ester 


At this point, it is sufficient to recognize that the stereochemical course 
of electrophilic addition is variable and depends on reagent and reactant. We 
will consider specific examples in subsequent sections of this chapter. 


15-3 Additions to Alkenes and Alkynes 


A. Halogenation 


Halogens readily add to alkenes to produce 1,2 (vicinal) dihalogen com- 
pounds. Bromine and chlorine are generally the halogens used in synthesis 
because additions of fluorine or iodine are often experimentally more difficult 
to handle. The halogen itself is usually added, though specialized reagents 
may be employed. Pyridinium tribromide, for example, is a relatively stable 
solid which is often used as a convenient source of bromine. 


сс, 


Сн;=СН, + Br, — BrCH,CH,Br 
Ethylene 1,2-Dibromoethane 
(Ethylene dibromide) 
100% 
Br T 
HOST pu H,O | i 
==. + Br, —— HO,CCH——CHCO;H 
H CO,H 
E-Butenedioic acid meso-2,3-Dibromobutanedioic acid 
(Fumaric acid) (meso-2,3-Dibromosuccinic acid) 
84% 
үй т 
C,H,CH—CHC4H; + C,HsNHBrz eI C,H,CH——CHCGHs 
1,2-Diphenylethene Pyridinium tribromide 1,2-Dibromo-1,2- 
(Stilbene) (mp 132°C) diphenylethane 
Я i 
CH,CH=CHCH, + Cl, —> CH,CH CHCH; 
2-Butene 2,3-Dichlorobutane 
Br 
уж сс, | 
CH,C=CH + 2Br, ——> Shey cee 
Br 


Propyne 1,1,2,2-Tetrabromopropane 
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The addition of bromine has long been a qualitative method for identify- 
ing unsaturated carbon-carbon bonds (Sec. 4-2A). The related addition of 
iodine to alkenes can be carried out on a quantitative basis. In the food indus- 
try, the iodine number, a standard for addition of iodine, is determined to 
measure the amount of unsaturation in fats and oils. 

Addition of bromine to a carbon-carbon double bond exhibits the char- 
acteristics expected for an electrophilic process. Electron donation to the mul- 
tiple bond favors reaction, and electron withdrawal decreases the reaction 
rate (Sec. 15-1B). 

We might ask why an electrically neutral, nonpolar bromine molecule 
adds as an electrophile, i.e., as if it were Br*. Recall that the larger atoms are 
relatively polarizable and that bromide is a good leaving group. Interaction 
between the pi bond of the alkene and the diatomic bromine leads to polariza- 
tion of the bromine molecule. A sigma bond forms to the more positive atom 
of the dipole as the negative atom departs as bromide ion. 


wow 
Br-Br, 
— 
Sc "m д^. 
^ N 


The mechanism of bromine addition is much more interesting than this 
simple picture might suggest. When bromine adds to Z-2-butene, only the 
enantiomer pair dl-2,3-dibromobutane is formed. Similarly, E-2-butene leads 
exclusively to meso-2,3-dibromobutane. The reactions are stereospecific and 
proceed by anti addition. 


H H 
н yn is ZACH, | CH pan 
С=С. + Br, —> С—С. + —C~ 
Sa is ow Y 
CH; CH, cH, г CH, 
Z-2-Butene (cis) dl-2,3-Dibromobutane 
н, н, Br. ees 
С=С + Br, — c—c— 
ar H i HY gr 
$ CH; 
E-2-Butene (trans) meso-2,3-Dibromobutane 


A rather novel idea was proposed in 1937 to explain the stereospecificity 
of bromine additions to many alkenes. Since bromine was known to form a 
complex with alkenes, it was suggested that the electrophilic addition of Br* 
to the pi bond results in formation of an intermediate three-membered ring 
cation—a bromonium ion. One side of the original alkene molecule is occu- 
pied as a result of this initial addition. Anti stereospecificity is accounted for 
by approach from the opposite side of the intermediate of the second bromine 
atom as a bromide anion. The bromonium ion opens to give the final 1,2- 
dibromo product. In the example of Z-2-butene addition of bromide ion takes 
place with equal probability at either carbon. This bromonium ion intermedi- 
ate has a plane of symmetry, so that the product is a racemic (dl) mixture. 


PROBLEM 
15-4 


PROBLEM 
15-5 
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Br-CBr & 
elg TAN B 
= imig = 
P. № Н»; SH +: 
CH; CH; ch, Nay, 
A bromonium ion 
H 
CH; aS ". „Вг 
vA “н 
+ Вг ү 
‘Gh td р 


H 
E ] “н, \ ^ 
Br. 
aV /b eoe (ҮР 


Use wedge stereochemical representations to follow the course of the 


addition of bromine to E-2-butene. 


Bromonium ions are believed to form from simple, nonconjugated al- 
kenes because the alternative carbocations are less stable. That is not surpris- 
ing, for all of the atoms of the bromonium ion have an electron octet, whereas 
the carbocation possesses only six electrons. Modern theoretical calculations 
suggest that the bromonium ion is about 10 kcal/mol (40 kJ/mol) more stable 
than the corresponding open carbocation intermediate. 

When the alkene structure favors formation of a relatively more stable 
carbocation, the bromonium ion may not be formed or may readily open to 
form the carbocation. To the extent that a carbocation contributes to the inter- 
mediate, stereoselectivity will decrease. This is demonstrated by bromination 
of the conjugated alkene 2-phenyl-2-butene. Anti addition predominates, but 
is no longer the only stereochemical course for the addition. 


TECTA HOAc 
Хес + Br, HOA, СОНЬСВУСНУСНВЕСН, 
СН CH; 
Z-2-phenyl-2-butene (trans) 2,3-Dibromo-2-phenylbutane 


63% anti addition 
37% syn addition 


Why is the intermediate carbocation formed on addition of bromine to 


2-phenyl-2-butene expected to be more stable than that formed from 
2-butene? 
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PROBLEM 


15-6 


PROBLEM 


15-7 


a Draw wedge stereochemical formulas for the products obtained from 
the addition of bromine to Z-2-phenyl-2-butene and indicate which 
is the result of syn addition and which is the result of anti addition. 


b Draw the sequence as in part a for the anti addition of bromine to 


E-2-phenyl-2-butene. 


c Use Newman projection formulas to show that product stability does 
not control reaction stereochemistry in the additions of bromine to 
the 2-phenyl-2-butenes. 


Similar reduction in stereoselectivity is observed when the polarity of 
the reaction solvent is increased. Solvents of higher dielectric constant lead to 
an increase in formation of the carbocation. The addition of bromine to Z-1,2- 
diphenylethene (Z-stilbene) in a series of solvents illustrates this (Table 15-4). 
The dl-1,2-dibromo-1,2-diphenylethane is produced by a stereospecific anti 
addition proceeding through the bromonium ion. The more stable meso 
product isomer is believed to arise through a noncyclic carbocation intermedi- 
ate. The results again show that anti addition, presumably via the bromonium 
ion, is the predominant stereochemical pathway. 


TABLE 15-4 Effect of Solvent Polarity on Addition Stereoselectivity 


Br Br 
C,H,CH—CHC,H, + Br, Solvent, сң,сн—снсун, 
Z-Stilbene (cis) 1,2-Dibromo-1,2-diphenylethane 
Dielectric 

Solvent Constant, Debyes meso/dl 
Cyclohexane 2.0 #0 
CCl, 2.2 mo 
t-BuOH 11 0.3 
CoHsCN 25 0.6 
CH;NO, 35 0.9 


alt Oe TE TT TEES Ee ee ш ERR DERE 


Propose a mechanism for the formation of meso-1,2-dibromo-1,2- 


diphenylethane by the addition of bromine to Z-stilbene in 
nitromethane. 


A bromonium ion resembles the three-member ring intermediates that 
we proposed for neighboring group participation in nucleophilic substitu- 
tions (Sec. 11-5). There is stereochemical evidence that a bromonium ion is 


PROBLEM 
15-8 


15-3 Additions to Alkenes and Alkynes 529 


involved in certain reactions in which a bromine atom functions as the neigh- 
boring group. Thus 2,3-dibromobutane can be prepared from 3-bromo-2- 
butanol using HBr as the reagent. 


T H Br Br 
CH,CH—CHCH, + HBr —> cu,cH—CHCH, + H,O 
3-Bromo-2-butanol 2,3-Dibromobutane 


When an optically active erythro—(25,3R) or (2R,35)—isomer under- 
goes reaction only meso product is produced. An optically active threo— 
(25,35) or (2R,3R)—isomer leads to racemic product. The same intermediate 
bromonium ions proposed in the addition of bromine to the 2-butenes can 
account for this result. 


Use wedge stereochemical formulas to follow the mechanism and stere- 


ochemistry of the reaction of HBr with erythro [(2S,3R)] and with threo 
[(2R,3R)] 3-bromo-2-butanol. 


Experimental results indicate that addition of chlorine to alkenes has 
many similarities to bromine addition. The reaction normally follows an Adr2 
pathway with anti addition predominant for nonconjugated double bonds. 
Although stereoselectivity is usually less than that of bromine addition, a 
chloronium ion intermediate has been proposed to explain the stereochemis- 


try in many cases. 


+ 


Cl 


2 f PES T 
cun, p 74: A, HOCH, + Gls 


А chloronium ion 


А 
H,C—CH, + :а:- — CICH,CH,Cl 
ы; ПР М 
(CH), .— „АСНУ, i wein 
Jem. + Cl, SS, — (CH,),CCH—CHC(CH;), 
H H 
Z-2,2,5,5-Tetramethyl-3-hexene — (cis) dl-3,4-Dichloro-2,2,5,5-tetramethylhexane 


с с 


CH,CH=CHCH, + Cl, — CH,CH—CHCH, 
E-2-Butene (trans) meso-2,3-Dichlorobutane 
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PROBLEM The addition of chlorine to E-1-phenylpropene leads to a mixture of 
15-9 stereoisomers. Suggest an explanation for the nonstereospecific course 
of this reaction. Use three-dimensional drawings to follow the process. 


а CI 


| | 
C,H,CH—CHCH, + Cl, “2, с.н,сн—снсн, 
E-1-Phenylpropene (trans) 1,2-Dichloro-1-phenylpropane 

55% erythro 

28% threo 


If a halogen reacts with an alkene in the presence of water, a halogen 
atom may add to one end of the double bond while hydroxy adds to the 
other. The product is known as a halohydrin, a bromohydrin from bromine 
ora chlorohydrin from chlorine. Addition of the components of a hypohalous 
acid (HOX) is regiospecific and follows the pathway expected for initial elec- 
trophilic addition of X*. 


CH;—CH, + Cl, 2, HOCH,CH,Cl 
Ethylene 2-Chloroethanol 
(Ethylene chlorohydrin) 


ht nr 
CH,CH—CH, + Br, 2, — CH,CHCH,Br + CH,CHCH,Br 
Propylene 1-Bromo-2-propanol 1,2-Dibromopropane 


(Propylene bromohydrin) 


OH 
Q + cq, н:о/чгон Di 
“ci 


Cyclohexene trans-2-Chlorocyclohexanol 
(trans-Cyclohexene chlorohydrin) 
73% 


Halohydrins are important industrial intermediates used in the prepara- 
tion of epoxides. Propylene oxide is prepared from propylene chlorohydrin 
(Sec. 11-4B), and in some older processes ethylene chlorohydrin is still used to 
prepare ethylene oxide (Sec. 15-3E). 


PROBLEM When bromine is added to ethylene in the presence of chloride ion, a 
15-10 mixture of 1,2-dibromoethane and 1-bromo-2-chloroethane is pro- 


duced. Under the same conditions, 1-bromo-2-chloroethane does not 
form from the attempted reaction of 1,2-dibromoethane and chloride 
ion. Explain the formation of 1-bromo-2-chloroethane. 
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Although most experiments have been carried out with alkenes, halo- 
gens appear to add to alkynes in a similar way. A bromonium ion-like inter- 
mediate has been proposed to explain the anti stereoselectivity. 


CH,CH,C=CCH,CH, + Br, HOS, 
3-Hexyne 
Р 
vas CHCH, ^ Br 
СЕ В > <= 
CH,CH, CH,CH, Br CH,CH; 


E-3,4-Dibromo-3-hexene (trans) 
80% 


PROBLEM Write the chemical equation for each of the following reactions and 
15-11 provide a name for the product. Include stereochemistry when it is 
appropriate. 


a Z-Butenedioic acid (maleic acid) + Br, 16085 


сс, 
b 1,2-Dimethylcyclohexene + Cl; —> 


Ay 


cc 
с 1-Pentene-4-yne + Br, —> 


са, 
d E-2-Pentene + Br, —> 


e 1-Methylcyclohexene 4- Cl, ню, 


f Propenenitrile (acrylonitrile) + НОСІ —> 


B. Hydrohalogenation 


We have already seen examples of hydrohalogenation, the addition of 
HX across a carbon-carbon multiple bond. These reactions provided an im- 
portant basis for development of the mechanism of electrophilic additions 
(Sec. 15-1A) and its associated regioselectivity (Sec. 15-2A). 

The reaction has limited synthetic utility in the laboratory because 
haloalkanes can usually be prepared from readily available alcohols (Sec. 
11-2). However, the regiospecificity of hydrogen halide addition can provide 
some synthetic advantage. In the example below hydrochlorination is used as 
an indirect route to a secondary haloalkane from a primary alcohol. 


CH,CH,CH,CH,OH MM. CH,CH,CH=CH, 
| нс! |на 
CH,CH,CH,CH;CI a 
CH,CH,CHCH, 
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Regiospecificity has been an important consideration in the study of 
hydrogen halide additions to unsymmetrical alkenes. Yet an explanation of 
certain of the experimental observations has not always been clear. Hydrogen 
chloride and hydrogen iodide add as expected, following Markovnikov orien- 
tation. By contrast, the results of HBr additions to alkenes are not necessarily 
consistent from experiment to experiment, even when carried on in the same 
laboratory. For example, 3-bromopropene is found to produce either of the 
two possible addition products, 1,2-dibromopropane or 1,3-dibromopropane. 


s 
r— CH,CHCH,Br 
CH,—CHCH,Br + НВг — 1,2-Dibromopropane 
3-Bromopropene ~> BrCH,CH,CH,Br 


Allyl bromidi 
(Allyl bromide) 1,3-Dibromopropane 


Careful experimentation showed that when the alkene is pure and the 
reaction is carried out in the dark with air excluded, only 1,2-dibromopropane 
slowly forms. This is the expected product of Markovnikov addition. 


Br 
i | 
CH,=CHCH,Br + НВг — №2" CH,CHCH,Br 
25°C/240h 


95% 


But if the alkene is not freshly purified or oxygen is present, 1,3- 
dibromopropane is produced. This "abnormal" product is the result of anti- 
Markovnikov addition to the double bond. 


Air 
25°С/<16 В 


CH,=CHCH,Br + HBr BrCH,CH,CH,Br 


=100% 


An extensive investigation of these observations demonstrated the gen- 
erality of the results. The anti-Markovnikov orientation was attributed to a 
“peroxide effect" on the addition of HBr to alkenes. A mechanism different 
from the ionic pathway of Markovnikov addition was proposed. The new 
mechanism involves a free-radical chain reaction (Chap. 24). 

In the example of the unsymmetrical alkene 3-bromopropene, the bro- 
mine atom, a free radical generated by oxygen, peroxide, or light, adds to the 
terminal carbon atom of the double bond. Two factors contribute to this 
regiospecificity. One is based on the stability of the intermediate free radical 
that is formed. As with the carbocation, the more-substituted internal free 
radical is the more stable. 

The second factor is steric. The less-substituted carbon is less-hindered 
and therefore more favorable for addition by a bromine free radical. Both 
factors lead to the same orientation, though their contributions can vary de- 
pending upon alkene structure. Subsequent addition of a hydrogen atom (a 
free radical) leads to the observed product. 
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"s: Мое, Н. iy. 
: Br F СН;РСЄнСН,Вг —> Br—CH,—CHCH,Br 
BrCH,CHCH,Br + H^ Br: — BrCH,CH,CH,Br + : Br- 


The difference which results in Markovnikov or anti-Markovnikov addi- 
tion is that a proton adds first in the ionic reaction, whereas a bromine atom 
adds first in the free-radical process. The resulting orientation for HBr addi- 
tion is therefore opposite in the two pathways. 

At this point the preceding brief introduction to a free-radical mecha- 
nism will suffice. This and other free-radical reactions will be discussed in 
detail in Chap. 24. 

The stereoselectivity of hydrogen halide additions is similar to that ob- 
served for the additions of halogens. Anti addition predominates with simple 
nonconjugated cyclic alkenes, and both syn and anti additions take place on 
many conjugated double bonds. 


CH; 
“2 + HBr Pentane H 
oc Br 
CH; Hs 
Z-1,2-Dimethylcyclohexene (cis) 1-Bromo-1,2-dimethylcyclohexane 


=100% anti addition 


D 
5 Bi HOAc H H 
HI rrian fE 
шу? 15°С у н 
н 
Dp If Del 


D `D 
1,3,3-Trideuteriocyclohexene Y = Br or OAc 
95% anti addition 
4% syn addition 
cl 
C,H,CH=CHCH, + DC] SO, C,H,CHCHDCH, 


=] 1 (trans) 1-Chloro-2-deuterio-1-phenylpropane 
Жыр” : 65% anti addition 


35% syn addition 


PROBLEM What is the origin of the acetate product in the addition of HBr to 
15-12 1,3,3-trideuteriocyclohexene in the above reaction? 


* ‘Two half-headed arrows originating from the same bond indicate that the electron pair is 
separated; i.e., a homolytic cleavage is occurring. 
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PROBLEM 


15-13 


Draw three-dimensional representations for the product of syn and of 


anti addition of DCI to E-1-phenylpropene. 


The origin of the stereoselectivity observed in the addition of hydrogen 
halides to alkenes is still not clearly understood. Acceptance of the bromo- 
nium ion (Sec. 15-3A) has led some chemists to propose a protonium ion as 
the intermediate responsible for holding configuration. The protonium ion 
has been described as an unstable three-member ring or a loose complex of 
the proton with the pi electrons. 


H, Ht 
ААР РР b uh d 
E ie, Cc 
Æ С ing) S 
A protonium ion 


The data obtained for some addition reactions reveal that the rate- 
controlling step involves two molecules of the hydrogen halide and one mole- 
cule of the alkene. The kinetics are termolecular under conditions in which 
the HX is expected to be un-ionized. Anti addition is accounted for by assum- 
ing that each molecule of HX approaches from an opposite side of the double 
bond to provide one of the two groups which add. 


е 


үк 
н 
^ ^ ENT / 
C— 
hen a 
HX 


The addition of hydrogen halides to alkynes follows Markovnikov orien- 
tation. In many cases addition does not stop at the mono adduct but instead 
proceeds to add a second mole of reagent to form a saturated dihalo com- 
pound. The stereochemical course is, as with alkenes, dependent on the sub- 
strate. 


C,H,C=CCH, + на HAs, сун,с=снсн, 


1-Phenylpropyne 1-Chloro- ор 
17% 2 
C, ^d 
CH,C=CCH, + HCl —> =c 
H CH; 
2-Butyne Z-2-Chloro-2-butene (trans) 


п-СЗН.СЕСН + HBr — 1C, H, CH, Ве конд, 
Вг 
1-Pentyne 2-Bromo-1-pentene 2,2-Dibromopentane 


PROBLEM 
15-14 


PROBLEM 
15-15 


PROBLEM 
15-16 
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a Draw the structural formula of E-1-chloro-1-phenylpropene. 


b Is this isomer the result of anti or syn addition of HCl to 
1-phenylpropyne? 


Why does the addition of 2 moles of HBr to 1-pentyne produce 2,2- 
dibromopentane rather than 1,1-dibromopentane or 1,2-dibromopen- 
tane? 


An interesting combination of halogenation, dehydrohalogenation, and 
hydrohalogenation is utilized in the industrial production of vinyl chloride 
(chloroethene). Chlorination of ethylene produces 1,2-dichloroethane, which 
is then dehydrohalogenated by base or heating to produce the vinyl chloride. 

сн;=СН;+СЬ —> CICH;CH;C] —> CH;—CHCI-HCI 
Ethylene 1,2-Dichloroethane Vinyl chloride 


The hydrogen chloride formed as a by-product in this process is used to 
produce additional vinyl chloride by addition to acetylene. 

CH=CH+HCl —> CH;—CHCI 

Acetylene Vinyl chloride 


Some chemical plants produce equimolar quantities of ethylene and 
acetylene from petroleum feedstock and then prepare vinyl chloride by a 
combination of the two above reactions. Vinyl chloride is the monomer used 
in the formation of polyvinylchloride (PVC) polymer (Sec. 25-2C). The mono- 
mer is produced and used under stringently controlled conditions because of 
its carcinogenic properties (Sec. 19-1D). 


Suggest the major product in each of the following reactions: 
a (CH,),C=CHCH,CH(CH;), + HI — 
b CH,=CHCN + HCl —> 


c CH,—CHCH,CH,CH, + HBr -2> 


CH, 


d Tre 


CH, 
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C. Hydration 


Water adds to most alkenes under acidic conditions to produce alcohols 
resulting from Markovnikov orientation. The method has been developed 
industrially in very important large-scale processes. Alcohols which can be 
synthesized by hydration of readily available alkenes have become important 
products of the petrochemical industry. Ethyl, isopropyl, sec-butyl, and tert- 
butyl are among the commercially prominent alcohols. 


H,SO, 


CH,—CH, + H,O 428°, CH,CH,OH 
Ethylene Ethyl alcohol 
(Ethanol) 
OH 
н, Сн 
CH,CH=CH, + H,O №94, CH,CHCH, 
Propylene Isopropyl alcohol 

(2-Propanol) 


CH,CH,CH=CH, 


1-Вшепе OH 
H,SO, 
or + НО ——* CH,CH,CHCH, 
CH,CH=CHCH, sec-Butyl alcohol 
] (2-Butanol) 
2-Butene 


(CH,),C=CH, + н.о 182, — (cu),coH 
Isobutylene tert-Butyl alcohol 
(2-Methylpropene) (2-Methyl-2-propanol) 


PROBLEM The solvent 2-butanone (methyl ethyl ketone, or MEK) is prepared 


15-17 


from 1- or 2-butene. Suggest steps in this important industrial process. 


PROBLEM Account for the observation that the acid-catalyzed hydration of 


15-18 


isobutylene (2-methylpropene) is considerably faster than the hydra- 
tion of propylene under similar conditions. 


Under the strongly acidic conditions of many industrial hydration proc- 
esses (95-98% H2504) water is not the initial reagent which adds to the dou- 
ble bond. Sulfuric acid adds to the alkene first to form alkyl and dialkyl sul- 
fates. Hydrolysis of the sulfates with steam—a substitution reaction— 
completes synthesis of the alcohols. Ethers formed through substitution of 
sulfate by the alcohol product are often minor by-products of the process. 


CH,—CH, + H,50, "© CH,CH,OSO,H + (CH;CH,O),SO, 
Ethyl sulfate Diethyl sulfate 
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CH,CH,OSO,H + (CH,CH,O),SO, + HO —— CH,CH,OH + (CH,CH,),0 
=90% =10% 


Hydration, though regiospecific, tends to proceed by relatively random 
anti and syn stereochemical pathways. 


Z12-Dimethylcyclohexene (сі) 


H CH H CH 

Ра А 13 3 

CH, | H ACH, + H 
“OH (сн, + “СН, „OH 
CH, 


OH OH CH; 


APTE geri trans-1,2-Dimethylcyclohexanol 
55% 


Alkynes also add water in a Markovnikov orientation. Reactions are 
slow in aqueous acid but are catalyzed by mercuric salts. Vinyl alcohols are 
the initial products of hydration. Rapid tautomerization of a vinyl alcohol 
produces a carbonyl compound. At one time such hydration of acetylene was 
a major industrial method for the production of acetaldehyde. 


HC=CH + HO Lo [CH,=CHOH] — CH,CHO 


Acetylene ш (Enol cannot Acetaldehyde 
be isolated) 
[9] 
un H,S0, | 
C,H,C—CH + H,O іс» C,H,CCH; 
Phenylacetylene rot Acetophenone 


о 
| 
CH,CH,CH,C=CCH,CH,CH, + HO es CH,CH,CH,CCH,CH,CH,CH, 
4-Octyne petrus 


Another method used to accomplish Markovnikov hydration of an al- 
kene is oxymercuration-reduction. Oxymercuration is the electrophilic addi- 
tion of aqueous mercuric acetate across a double bond. Reduction accom- 


plishes demercuration and produces an alcohol. 


CH,CH,CH,CH,CH=CH, + HO + Hg(OA9 195, 


1-Hexene 
CH,CH,CH,CH,CHCH,HgOAc Oxymercuration 
H 
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CH,CH,CH,CH,CHCH,HgOAc + NaBH, 20:08, 
он 
CH,CH,CH,CH,CHCH, ^ Reduction 
бн 
2-Hexanol 


96% 


Although mercuric acetate and sodium borohydride are expensive rea- 
gents, the method often has advantages over direct hydration of an alkene. 
The reaction is simple to carry out. The oxymercuration step is a rapid, high- 
yield process and reduction is accomplished without ever isolating the inter- 
mediate organomercurial. 


OH OH 
THF NaBH, 
9 + H,O + Hg(OAc), — NaOH/H,O CT 


HgOAc 
Cyclohexene (Not normally isolated) кше 
он 
3 1) Hg(OAc),/H,O/THF doom 
2) NaBH,/NaOH/H,O 3 
-l |сус! 1-Methylcyclopentanol 
1-Methylcyclopentene lige 


Compounds which tend to rearrange (Sec. 11-3B) under the strongly 
acidic conditions of direct hydration are structurally stable during the oxymer- 
curation-reduction reaction. 

99 
CH,=CHC(CH,), 2-НЕОАФУН:ОТНЕ, сы Che. 


2) NaBH,/NaOH/H,O 
3,3-Dimethyl-1-butene Эви але 
4t 


PROBLEM Suggest the product mixture that might be obtained when 3,3- 
15-19 dimethyl-1-butene is hydrated with aqueous acid. 


Oxymercuration is regiospecific (Markovnikov orientation) and stereo- 
specific (anti addition). The stereospecificity is attributed to formation of an 
intermediate mercurinium ion. 


+ 

HgOAc 
< 

VÀ N 


А mercurinium ion 


PROBLEM 


15-20 


PROBLEM 
15-21 
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The bulk of the mercuric acetate group apparently plays an important 
role in controlling the direction in which the mercurinium ion opens and thus 
the addition regiochemistry. Water bonds to the more-hindered carbon atom 
from the back side of the molecule as the mercurinium ion opens toward the 
less-hindered end of the original double bond. 


+ 
HgOAc R HgOAc 
Y d AS. Of 5 
ое H б ўн 
4 
Re, NH 2 
н.о 


The reduction step follows а variable stereochemical pathway, so that the 
total reaction, oxymercuration-reduction, is not necessarily stereospecific. 


1) Hg(OAc),/H,O/THF OH 
2) NaBD,/NaOH/H,O 


D 
Cyclopentene 2-Deuteriocyclopentanol 
95% 
СН. CH. 
OH OH 
aie LT 1) НОАЧ»/НЗО/ТНЕ , HÅ a * HA. c » 
vA PE 2) NaBD,/NaOH/H,O р^ сњ р^ Y. 
Z-2-butene (cis) Sec ЕНОТ M anon 


50% 


When the oxymercuration-reduction sequence is carried out using alco- 
hol rather than water as the solvent, an ether is produced. Suggest a 
mechanism for the following example of this reaction. 


4 1) НЕ(ОАФӘ/С НОН, » охур 
1-Нехепе D мавнуснон ^ NaBH,/C,H,OH oxyhexane 


Provide a structure and name for the major product in each of the fol- 


lowing reactions. Include stereochemistry when it is appropriate. 


сс, 
f, — 


+ носі 0, 
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H 
c C=CH + H,O 


d (Уе + Br, Ch, 


CH,O CH, 
Sc= + HCl —> 


CH; H 
Air 


f (CHj,CHCH,CH—CH, + HBr А" 


H,SO,/HgSO, 
—— UL 


H; 
1) H,O/THE 
DH,O/THE — , 
8 + Hg(OAc), iL /NSOH/H,O 


Although additions of the components of water to carbon-carbon multi- 
ple bonds are important synthetic processes, similar additions of alcohols are 
seldom encountered. One interesting and useful example of the latter reac- 
tion is the acid-catalyzed addition of an alcohol to the double bond of 


dihydropyran. 
"eme 
‘OY OR 


Dihydropyran 
(3-Oxacyclohexene) 


The product, a tetrahydropyranyl ether, is actually an acetal (Sec. 8-3A). Be- 
cause of their ease of formation, stability to basic reagents, and ready hydroly- 
sis back to the original alcohols, tetrahydropyranyl ethers are commonly 
formed to protect (Sec. 20-2D) hydroxy groups during a synthesis sequence. 


HOCH,C=CH + @ EUN че CH,MgBr/Et,0 
CH,C=CH 
Ge DEOL, HOCH,C=CCOH + Q 
CH,C=CMgBr 7 * 
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D. Hydroboration 


An extremely useful group of organic reactions begin with compounds 
known as alkylboranes. These synthetic intermediates are prepared by the 
reaction of diborane (Sec. 9-5C) with an alkene in an inert ether solvent such 
as tetrahydrofuran (THF) or diglyme.* Usually two or three molecules of al- 
kene react to produce di- or trialkylboranes. 


I сасе 
Diglyme | H—C-C BH, ue e 
| Diglyme 


| 
7 mE ll 
HC—C|BH 26=65, [нс с\в 
ГМ Diglyme [О 


Diborane An alkylborane 
A dialkylborane A trialkylborane 


N 24 
JON + ¥,(BHg), 


Diborane and alkylboranes add to unsymmetrically substituted double 
bonds with high regioselectivity. The boron atom usually bonds to the less- 
substituted carbon atom and the hydrogen atom to the more-substituted car- 
bon atom. 


3CH,(CH,);CH=CH, + ¥4(BH,). -Dislyme , 


CH; 
[CH4(CH,),CH,CH;]B + | CH.(CH))CH— |. B 


94% 6% 
єн, CH, CH, 
3CH,CH,C=CH, + ¥(BH,), 2m, CH,CH,CHCH, B+ CH,CH,¢— B 
н, |, 
99% 1% 


Вогапе (BH;), the monomer of diborane, is a very reactive electrophile 
because it possesses only a sextet of electrons. It is common to consider that 
the boron-hydrogen bond is polarized such that boron is the positive end and 
hydrogen the negative end of the dipole. The regioselectivity of B—H addi- 
tion would then be consistent with initial electrophilic addition of boron to the 
carbon-carbon double bond to form the more stable carbocation intermedi- 
ate. Yet no evidence for a carbocation intermediate has been obtained. If we 
assume that the direction of addition is controlled by bond polarity, but that 
the reaction occurs in one step, then the experimental results can be rational- 
ized. These data, combined with the syn addition observed for the hydrobo- 
ration reaction, have led chemists to presume a direct concerted mechanism 
or a pathway involving a pi complex. 


* Diglyme is the dimethoxy ether of diethylene glycol (CH4OCH;CH;OCH;CH;OCH)). 
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ô- 8+ 
H—B 
\ УК H di 
P pala yi 
or d NS 
НТВ А 
Ni > 
\ 
X 


Most alkylboranes are pyrophoric, i.e., they ignite spontaneously in the 
air. They are generally not isolated, but are instead used directly as reactive 
intermediates for further synthetic operations. One of the most useful reac- 
tions of alkylboranes is their oxidation to produce alcohols. The conversion is 
usually accomplished by adding aqueous basic hydrogen peroxide to the pre- 
formed alkylborane. 


CH; Сн, 
1) (BH,),/THE 
=I = ae 
CH,C-CH, Ar common? CeHlsCHCH;OH 
2-Phenylpropene 2-Phenyl-1-propanol 
(a-Methylstyrene) 95% 
q7 
1) (BH,),/THE 
= BB 
(CH) CCH—CHQ(CH), зу однодон? (CHs)sCCH{CHC(CH,)s 
2,2,5,5- Tetramethyl- 2,2,5,5- Tetramethyl- 
3-hexene 3-hexanol 


8276 


Hydroboration-oxidation is an important complementary process for the 
hydration of alkenes. Both direct acid-catalyzed hydration and oxymercura- 
tion-reduction produce alcohols which correspond to Markovnikov addition. 
Hydroboration-oxidation results in addition of the components of water in 
an anti-Markovnikov orientation. Furthermore, the oxidation occurs with 
retention of configuration as hydroxy replaces the boron. The result is that 
hydroboration-oxidation converts an alkene to an alcohol by stereospecific 
syn addition of HOH with predominant anti-Markovnikov regiochemistry. 


H 
CH, 1 (BH)/THF ACH, 
2) H,O,/H,O/NaOH [ОН 
H 
1-Methylcyclopentene frens:2-Methyleyelohexanol 


When diborane adds to sterically bulky alkenes, only two alkene mole- 
cules readily react. One B—H bond remains in the resultant dialkylboranes. 
The use of dialkylboranes for hydroboration in place of diborane has ex- 
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tended the synthetic utility of the reaction. The crowded boranes are very 
selective in their reactions with alkenes. 


CH, 


2(CH,),C=CHCH, + ¥4(BH,) E» |(CH,),CH—CH—| BH 
2-Methyl-2-butene Di(3-methyl-2-butyl)borane 
(Disiamylborane) 


1) (BH,),/THF 
2) H,O,/H,O/NaOH 


81% 19% 
OH 
(Ун {усон + ( У, 


2-Phenylethanol 1-Phenylethanol 
99% 1% 
1) Disiamylborane/THF 
2) H,O,/H,O/NaOH 
Carbon-carbon triple bonds also undergo hydroboration. Terminal, and 
in some cases even internal, alkynes add 2 moles of diborane to produce 
gem-dibora* derivatives. The chemistry of these intermediates has not been 


explored in much detail. 


^ 
THF | 

n-C,H,C=CH + (BH, > 1C, H,CH,CH 

PR 


Dialkylboranes, however, add to carbon-carbon triple bonds to produce vinyl 
organoboranes which can be converted to carbonyl compounds. 


CH, 
| 
CH,CH,C=CCH,CH, + ый > 


3-Нехупе Disiamylborane 


CH; он о 
L H,0,/H,0 | ll 
(CH,),CHCH—|,BC—CHCH,CH, 15080, | cui cH, C-CHCH,CH;|  CH,CH,CCH,CH,CH, 


„Сн, (Enol not isolated) 3-Hexanone 
62% 

In Sec. 26-16 we will learn that molecular rearrangements of tri- 
alkylborane-carbon monoxide adducts markedly extend the utility of hydro- 
boration. Herbert Brown shared the Nobel prize in chemistry for 1979 for 
developing many of the applications of alkylboranes for organic syntheses. 


* Nomenclature analogous to oxa, aza, and thia. 
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PROBLEM Show how hydroboration of an appropriate alkene or alkyne can be 
15-22 used to prepare each of the following compounds. 


a CH,CH,CH,CH,OH 


b (S,S)- and (R,R)-C,H,CH(CH;)CH(OH)C;H; 
c CH,CH,CH,CHO 


E. Epoxidation-Hydroxylation 


Oxidation of carbon-carbon double bonds with peroxyacids or hydro- 
gen peroxide produces oxiranes, the three-membered cyclic ethers commonly 
known as epoxides. 


CH; 


CH; 9 
CY + CH SHE, (fe + CH,CO,H 
CH; O—OH CH, 


Z-1,2-Dimethylcyclohexene Peroxyacetic сіз-1, ерни суо акеле oxide 
(cis) acid 5 


A 
C,H,CH—CH, + m-CIC,H,CO,H -H с,н,СН—СН, + m-CIC,H,CO,H 
Styrene m-Chloroperoxy- Styrene oxide 
benzoic acid (2-Phenyloxirane) 
75% 


О, 
м. 
CH,(CH;),CH—CH, + CHCO,H ©, CH,(CH,),CH—CH, + H,O 
1-Octene Peroxyacetic 1-Octene oxide 
і (2-Hexyloxirane) 


Epoxidation accomplishes syn addition of an oxygen atom to the double 
bond. The stereospecificity of the reaction indicates that ring formation occurs 
in essentially one step, or at least does not involve a free carbocation. The 
mechanism generally accepted involves transfer of the oxygen atom beta to 
the carbonyl from the peroxy acid to the carbon-carbon double bond. An 
equivalent of carboxylic acid corresponding to the peroxy acid is also pro- 
duced. 
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a ys 

bx 

m ri " CH, он 

o р V + c 

CH; ( H сну үн I 

NA A H сн o 

сс eHs 

CP E 

E-Stilbene (trans) trans-Stilbene oxide 


(trans-2,3-Diphenyloxirane) 


Epoxidation has been the basis for some recent examples of high asym- 
metric induction (Sec. 8-4D) in a typical laboratory reaction. The procedure 
utilizes diethyl tartrate as the basis for a chiral reagent prepared with tert- 
butyl hydroperoxide and titanium alkoxides. The requisite tartaric acid pre- 
cursor is a naturally occurring material that can be obtained in optically pure 
form from the fermentation of grape juice. Epoxidations by this procedure 
routinely lead to products that are more than 90 percent optically pure, a 
rather impressive degree of asymmetric induction. This epoxidation reaction 
was used to generate the required stereochemistry during a synthesis of the 
gypsy moth sex attractant pheromone, disparlure (Sec. 23-5A). 


H, 
(—) Diethyl tartrate 
OH (CH,),COOH/Ti(OPr-i), OH 
2-Tridecen-1-ol 2,3-Epoxytridecan-1-ol 
(Intermediate in the synthesis 
of disparlure) 


Epoxides, like other ethers, can also be prepared by a nucleophilic sub- 
stitution reaction—the Williamson ether synthesis (Sec. 11-4B). An alkene is 
commonly the starting material. It is first converted to a halohydrin (Sec. 15- 
3A), then to the cyclic ether by a base-promoted intramolecular substitution. 
Propylene oxide is one of the commercially important epoxides prepared by 
this synthetic route. 


OH 
| PAS 
CH,=CHCH, + HOCI —» CICH,CHCH, ©, CHj—CHCH, 
Propylene Propylene chlorohydrin Propylene oxide 


(2-Methyloxirane) 


The most important commercial epoxide is ethylene oxide, which is pro- 
duced in quantities of over 4 million pounds per year. Ethylene oxide can be 
synthesized through the halohydrin process or with peroxides, but the major 
commercial process now involves the direct air oxidation of ethylene over a 
silver catalyst. Similar direct air oxidation of other alkenes has not yet become 
economically favorable. е 
CH=CH, -9/^t, uc “сн, 

Ethylene Ethylene oxide 
(Oxirane) 
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PROBLEM 
15-23 


Although ethylene oxide is itself an important industrial chemical, its 
major use is as an intermediate leading to ethylene glycol (1,2-ethanediol), the 
engine coolant widely used in automobiles. 

The ready hydrolysis of epoxides to form 1,2-diols (glycols), reflects the 
reactivity of these cyclic ethers. The strain associated with their three-member 
ring imparts a degree of reactivity which is in sharp contrast to the stability of 
most common ethers (Sec. 11-4B). 


Hie cH; no 2, HOCH,CH,OH 
12-Ethanediol 
(Ethylene glycol) 
Peroxide oxidation of alkenes is a syn addition, and hydrolysis occurs 
when water attacks from the back side of the epoxide. The overall process 
results in an anti hydroxylation of the original alkene. 


H H 
Q + нсон — (C њо, Сон 

H эн 
Cyclohexene Бера trans-1,2-cyclohexanediol 


Osmium tetroxide and cold basic potassium permanganate are two rea- 
gents used to complement epoxide hydration as a route to 1,2-diols. These 
two reagents oxidize alkenes to 1,2-diols by a syn addition. Both reactions are 
believed to proceed through cyclic esters. 


CH; CH; 

1) Et,O/pyridine "OH 

KE + OsO, 2) H,O/Na,SO, С Т 
3 CH; 


Z-1,2-Dimethylcyclopentene Osmium tetroxide cis-1,2-Dimethyl-1,2- 
(cis) cyclopentanediol 


OH OH 
CH,(CH;),CH—CH(CH;),CO;H Hem CH,(CH;),CH—CH(CH;),CO;H 
2-9-Octadecenoic acid erythro-9,10-Dihydroxyoctadecanoic acid 
7: 


(ds-Oleic acid) 


a What reagents could be used to convert Z-2-butene to meso-2,3- 
butanediol? To dl-2,3-butanediol? 


b Use three-dimensional formulas to follow the sequence of the two 
reactions in part a. 


The mechanism commonly proposed for formation of the cyclic ester 
intermediates in these syn hydroxylation reactions involves addition of two 
oxygen atoms of the reagent to the alkene carbon atoms. 


PROBLEM 
15-24 
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хи | 
DIS nt 
х y: Й о. o 
аа внуе di nit 
NO: aes | 


Such a mechanistic description seems surprising in view of the usual electro- 
philic character of reactions at carbon-carbon double bonds. The oxidizing 
agents osmium tetroxide and potassium permanganate each possess oxygen 
atoms which represent negative ends in the reagent dipoles. A recent expla- 
nation for the process is that the pi bond initially complexes with an empty d 
orbital of the metal atom. This initial electrophilic attack of the reagent is 
followed by formation of the carbon-oxygen bonds. 


NATA о у | 
Re ode Í оу | ч ~e 
у йи coups Aiunt ПЕ ШЧ qf ч 

BOS о ТХ | 


Although this mechanistic description is still speculative, itis well known that 
complexes between pi bonds and transition metals exist and play an impor- 
tant role in catalysis of many organic reactions (Sec. 15-4). 

Reactions with osmium tetroxide are sufficiently mild to accomplish 
hydroxylation of a carbon-carbon double bond without oxidizing other 
groups in the substrate. However, a disadvantage of this reagent is its toxicity 
and very high cost. By contrast, potassium permanganate is inexpensive and 
relatively safe to use. Its synthetic utility is limited, however, because it may 
further oxidize the diol or other groups in the molecule. 

Potassium permanganate has been used as a qualitative test for alkenes. 
The purple permanganate solution is slowly added to the suspected alkene. 
Disappearance of the purple color and precipitation of manganese dioxide is a 
positive test. However, as with the bromine addition test (Sec. 4-2A), further 
confirmation is required. 


А synthesis sequence required conversion of E-2-pentenal to 2,3- 
dihydroxypentanal by syn hydroxylation. For economic reasons the 
chemist decided to carry out the reaction with basic potassium perman- 


ganate. How could the starting material be modified so as to avoid 
oxidation of the aldehyde during the reaction with permanganate? Use 
three-dimensional formulas to outline the steps in this sequence. 


‚ Carbene Addition 


In the earlier parts of this chapter we proposed three-member cyclic 
intermediates such as the bromonium ion to explain certain aspects of electro- 
philic addition to alkenes (Sec. 15-3A). Similar intermediates were introduced 
to explain neighboring group effects in nucleophilic substitution (Sec. 11-5). 
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PROBLEM 


15-25 


In the preceding section we considered isolable, yet reactive, epoxides as 
examples of the three-member ring formed by the addition of oxygen to a 
carbon-carbon double bond. In this section we will see that electrophilic addi- 
tion of a carbene to the double bond readily forms a stable three-member 
carbocycle—a cyclopropane. 

A carbene is a highly reactive intermediate with a dicoordinate carbon 
atom (Sec. 5-1E). Carbenes possess only six electrons and are electrophilic 
because of their electron deficiency. The simplest carbene is named methyl- 
ene. 

HCH 
Methylene 

Carbenes are too reactive to be isolated for use in synthesis. They are 
prepared, by various methods, within the reaction mixture in which they will 
be consumed (in situ). Certain haloalkanes lead to halocarbenes when a 
strong base is used to promote a 1,1-elimination. 


НСО ces KOBus P595... : cci, 


Trichloromethane Potassium Dichlorocarbene 
(Chloroform) tert-butoxide 


НСС Бой АНЬ Вей», CHC 
Dichloromethane Butyllithium Chlorocarbene 
(Methylene chloride) 


Photolysis (Chap. 27) of diazo compounds is another method of carbene for- 
mation. 
CEDE E СН. + <А 
Diazomethane Methylene 

One synthetically useful approach to carbene chemistry does not in- 
volve an actual carbene. When diiodomethane (methylene iodide) reacts with 
zinc activated by copper or silver, an organometallic compound is formed. 
This material reacts with alkenes to form cyclopropanes as if it were a car- 
bene. The reagent is termed a carbenoid and the process by which it is pre- 
pared is known as the Simmons-Smith reaction. 


CHj, + Zn “248, CH,Znl, 
Diiodomethane A carbenoid 
(Methylene iodide) 


a Propose a mechanism for the formation of chlorocarbene from di- 
chloromethane and butyllithium. 


b Dichlorocarbene is conveniently produced by the thermal decompo- 
sition of sodium trichloroacetate. Suggest a mechanism for the reac- 
tion. 
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Carbenes and carbenoids usually add to alkenes with syn stereospecific- 
ity. Yields are variable, and formation of side products can be a problem 
because of the highly reactive nature of the carbene. The method is syntheti- 
cally important because few other approaches are available for the formation 
of cyclopropanes. 


@ + сни, =, m 
?? EO 


Bicyclo[4.1.0]heptane 
(Norcarane) 
61% 


@ ансар ны; В = 


7,7-Dichlorobicyclo[4.1.0]heptane 
(7,7-Dichloronorcarane) 
91% 


аха 
C 
CH,CH,CH—CHCH КОВы+ 2X 
,CH,CH— „ + HCCI, Крл» CH,CH,CH— CHCH, 
Z-2-Pentene (cis) cis-1,1-Dichloro-2-ethyl- 


3-methylcyclopropane 


PROBLEM Write the chemical equation for preparation of each of the following 
compounds by the addition of a carbene or carbenoid to an alkene. 


15-26 


cl CI 


CH,CH, 


b [5—cH0GH), 
я т 


с. Hydrogenation 


Catalytic hydrogenation (reduction) of a carbon-carbon multiple bond 
is an important laboratory and industrial process. Hydrogen adds to nearly all 
unsaturated bonds in the presence of metal catalysts such as platinum, palla- 
dium, rhodium, ruthenium, and nickel. The hydrogen and alkene first be- 
come associated with the catalyst surface. Hydrogen is then transferred to the 
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unsaturated carbons of the organic molecule in a process that follows syn 
stereospecificity. 


Н, ев 
ЖЛ чын 


Hydrogen and alkene complexed to 
catalyst surface 


CH; „СН; 
qu СОО 
2 25° CH; 
CH; H 


Z-1,2-Dimethylcyclohexene (cis) cis-1,2-Dimethylcyclohexane 
CH, „СН, кз, ie 
Хес +h, а, C,H,CH—-CHC,H, 
CH; СН; 
Z-2,3-Diphenyl-2-butene meso-2,3,-Diphenylbutane 


(cis-1,2-Diphenylstilbene) 


The reaction is usually carried out in the laboratory in the following way: 
The finely divided catalyst is prepared in the presence of hydrogen gas and in 
à solvent such as acetic acid or ethanol. A closed system with a device to 
measure gas volume (usually a gas buret) is employed. 

The compound to be hydrogenated is added, and the change in gas 
volume is followed. Each mole-equivalent of hydrogen consumed is easily 
monitored. Such quantitative hydrogenation is used to determine the number 
of reducible bonds during structure elucidation. Selective reduction can often 
be accomplished, when more than one multiple bond is present in the mole- 
cule, by stopping the reaction after the desired amount of hydrogen is added. 


PROBLEM An optically active carboxylic acid A(C;H,O,) takes up 1 mole-equiva- 
15-27 lent of hydrogen on catalytic hydrogenation to produce an optically 
inactive acid B(C;H,O.). Suggest structures for A and B. 


Isolated double and triple bonds are reduced most rapidly. Conjugated 
alkenes and aromatic systems are more difficult to hydrogenate. The carbonyl 
groups of aldehydes and ketones reduce very slowly in the presence of plati- 
num or palladium catalysts, and carboxylic acid derivatives react only at high 
temperatures. 


15-3 Additions to Alkenes and Alkynes 551 


E Ni 
CH;CH—CHCH; + Н, Cep CH,CH,CH,CH, 
2-Butene Butane 
{усын Китае A 
EtOH 
3-Phenylpropene 1-Phenylpropane 
(Propylbenzene) 
i 7 
Pt 
(| Soit +H, Л. {учында 
1,3-Diphenyl-2-propen-1-one 1,3-Diphenyl-1-propanone 


95% 


Carbon-carbon triple bonds generally hydrogenate more rapidly than 
double bonds. Often the hydrogenation catalyst can be modified to allow 
formation of an alkene without further reduction to saturated product. Plati- 
num or palladium catalysts are commonly partially deactivated with lead salts 
so that only one reduction step occurs. 


C Hs CH; 
E STET 
C,H,C=CCH, + н, =, Х=с 
н н 
1-Phenylpropyne Z-1-Phenylpropene (сі) 


PROBLEM Tetraethyl- and tetramethyllead have been added to automobile gaso- 
15-28 line for many years as a method of increasing the octane rating and 
improving engine performance. In 1977, catalytic exhaust systems con- 


taining platinum and palladium were installed in new automobiles to 
reduce air pollution. Why is “leaded gasoline” not used in these auto- 


mobile engines? 


An interesting compound often used for the hydrogenation of carbon— 
carbon multiple bonds is diimide, an unstable material which is formed by 
oxidation of hydrazine or its derivatives. Diimide is generated in the reaction 
mixture as needed. 


H,NNH, 2°, HN=NH 
Hydrazine Diimide 


Reduction of nonsubstituted alkenes by diimide proceeds most effec- 
tively. Deuterated diimide was used to demonstrate that addition of hydro- 


gen proceeds by a syn stereochemical pathway. 
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HOC. JOH [ON=NDI D V 
С=С "wear" НОС" CSCO,H 
H WH H 
Z-Butenedioic acid meso-2,3-Dideuteriobutanedioic 
(Maleic acid) acid 


(meso-2,3-Dideuteriosuccinic 
acid) 


CH.emcco,H Amm, 
3-Phenylpropynoic acid 


Сен» CO,H 


sÅ = 
C=C JHN-NHI, C.H,CH,CH,CO,H 
ARRA T 
Z-3-Phenylpropenoic acid (cis) 3-Phenylpropanoic acid 
H. Ozonolysis 
Ozone adds to alkenes to form molozonides, which rapidly rearrange to 
ozonides. 
0=0—0:- 
хаа? A a NA Os и 
+ € T | — AK = A с 
"Sce барин VP - 
Ozone Molozonide Ozonide 


Ozonides are usually not isolated, for they are explosive. The utility of 
the reaction is as a technique for the degradation of alkenes. Formation of the 
ozonide destroys the carbon-carbon double bond. When water is added, 
cleavage of the ozonide takes place and two carbonyl groups are formed. The 
overall reaction sequence, which is known as ozonolysis, results in cleavage 
of the alkene at the double bond. (In Sec. 14-7A we learned that periodate and 
lead tetraacetate cleave 1,2-diols to give carbonyl compounds and thus pro- 
vide an indirect means of cleaving carbon-carbon double bonds.) 


N AS VA 
AK 
d-d 

Ozone is generated from oxygen by passage of an electric discharge 

through air. The ozone-enriched airstream is then bubbled through a solution 

of the alkene. Subsequent hydrolysis can be carried out in the presence of zinc 

metal to maintain reducing conditions and avoid oxidation of the resultant 

carbonyl groups or in the presence of hydrogen peroxide to produce carbox- 
ylic acids from aldehyde fragments. 


1) O,/CH,CI, о 
С) "»zwmoAJnj* OHC(CHj,CH 


Cyclohexene Hexanedial 


N y 
* HO —. (C=O + O=C( + HO, 


PROBLEM 


15-29 


PROBLEM 


15-30 
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Ozonolysis was an important technique for structural elucidation before 
spectroscopic methods became widely available to the organic chemist. The 
smaller carbonyl fragments formed on degradation were identified and then 
pieced back together conceptually, like a puzzle. 

Consider a compound with the formula CeH;2 as an example. Uptake of 
1 mol of hydrogen on catalytic hydrogenation (Sec. 15-3G) plus positive per- 
manganate (Sec. 15-3E) and bromine (Sec. 4-2A) tests show that the calculated 
index of hydrogen deficiency of 1 (Sec. 2-2D) corresponds to one double bond 
rather than a cyclic structure. Ozonolysis with a reductive work-up produces 
equal amounts of two compounds, both of which have the formula СзН;О. 
Both are found to be carbonyl compounds, and a Tollens' test (Sec. 21-2C) 
demonstrates that only one is an aldehyde. At this point their structures are 
obvious, but formation of 2,4-dinitrophenylhydrazone derivatives (Sec. 8-6B) 
confirms that they are acetone and propionaldehyde. The original compound 
is readily identified as 2-methyl-2-pentene. 


О, 
1) О, ya Bs 
(CH,),C=CHCH,CH, A (CH,),C=O + r JCCH.CH; 
2-Methyl-2-pentene Acetone Propionaldehyde 


(Propanal) 


Write chemical equations for all of the reactions considered in the 
structural elucidation of СН above. 


Write the chemical equation, including the structure of the major prod- 
uct, for each of the following reactions: 


а 1-Methylcyclohexene + HBr (in the dark) 
b 1-Methylcyclohexene + HOBr 


c 2-Methyl-2-butene + HBr (with peroxide present) 
d Cyclopentene + Br; (in CCL) 

e Propene + H;O (in H,SO,) 

f Propene + CF;CO3H (a peroxyacid) 

в 1-Methylcyclohexene + diborane, then H;/0;//OH 


В 1,2-Dimethylcyclobutene + H7/Pt 
i 1-Methylcyclopentene + Оз (with H,O, oxidative work-up) 
j 1-Methylcyclopentene + НССЬ + KOBu-t 
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Ozonolysis also has limited application in industry, where it is used to 
provide raw materials for the synthesis of certain polymers. Oleic acid 
(9-octadecenoic acid) is obtained from natural fats and oils (Sec. 9-2C). Ozon- 
olysis of oleic acid under oxidizing conditions produces azelaic and pelargonic 
acids for use in subsequent syntheses. 


CH,(CH,),;CH=CH(CH,);CO,H 22+ НО,С(СН,),СО,Н + CH4(CHj;CO,H 
Oleic acid Azelaic acid Pelargonic acid 
(9-Octadecenoic acid) (Nonanedioic acid) (Nonanoic acid) 


PROBLEM Compound A has a molecular weight of 56 and an empirical formula of 
15-31 CH;. 
a Draw all possible structures for A. 
b A takes up only 1 mol of hydrogen on catalytic hydrogenation at 
25*C. Which of the possible structures are consistent with this result? 
c Reductive ozonolysis of A gives equal amounts of formaldehyde and 
propionaldehyde. Which structure is that of compound A? 
PROBLEM Compound A (СН) takes up 2 moles of hydrogen on catalytic hydro- 
15-32 genation. Ozonolysis yields two diketones, B (CgH;90;) and C 


(C4H40;). Propose a reasonable structure (or structures) for A. 


I. Addition of Alkenes and Alkanes 


Alkenes and alkanes can add to a carbon-carbon double bond under the 
acidic conditions favorable for an electrophilic reaction. (Related free-radical 
additions are discussed in Chap. 24.) The reactions are very important indus- 
trially, but they are seldom of synthetic interest in the laboratory. 

Addition of one molecule of alkene to another molecule of the same or à 
different alkene is the first step in many polymerization reactions (Chap. 25). 
When only two molecules react, the process is termed dimerization; when 
three molecules combine, the reaction is a trimerization; and so on. 


(CH,),C=CH. 
2(CH,),C=CH, 18 (CH),CCH=C(CH,), + [н+] ЕСН» 
2-Methylpropene 2,4,4-Trimethyl-2-pentene 
(Isobutylene) (The dimer) 


(CH3,CCH;C(CH;),CH—C(CH3» 
2,4,4,6,6-Pentamethyl-2-heptene 
(The trimer) 
The process, known as cationic polymerization, is catalyzed by sulfuric 
or phosphoric acid or by a Lewis acid such as aluminum chloride or boron 


PROBLEM 
15-33 
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trifluoride. One molecule of alkene reacts with the catalyst to form an inter- 
mediate carbocation. The electron-deficient (electrophilic) carbocation then 
adds to another molecule of alkene. The sequence terminates when a proton 
is lost (elimination) to generate a new alkene. 


(CHj,C-CH, + H+ — (CHÈ 


(CH,),C=CH, 


(сну CA=C(CH,), — (CH,);CCH,C(CHs), 


te 
(CH,),CCH,C(CH,),CHY-C(CH,), —> (CH3)sCCH,C(CH3),CH=C(CH,), + Ht 


Account for the experimental observation that ethylene undergoes cati- 


onic polymerization very slowly. 


Cyclization is one laboratory application of the addition of alkenes to 
alkenes. The intramolecular process has a more favorable entropy than dimer- 
ization, and it has been employed in the synthesis of many natural products. 

CH, 9 сн н, ? 
(CH), C=CHCH,CH,C=CHCH=CHCCH, HBOS С сн=снёсн, = 
6,10-Dimethyl-3,5,9-undecatriene-2-one Ч 


CH; 
CH, „СН, GHj30 CH; CHOLET MP 
hs CH, —н* v SP + jn CH; 
CH; CH; CH; 
a-lonone B-lonone 


Alkylation of alkenes is related to dimerization, but it involves the addi- 
tion of one molecule of alkane to one molecule of alkene. A Lewis acid catalyst 
is usually employed in the presence of a strong protic acid. The reaction is 
used in the petroleum industry to produce branched-chain alkanes from 
smaller alkenes. Branched alkanes have a higher octane rating than linear 
alkanes have, and they are blended with gasoline to improve its performance. 


(CH,),C=CH, + (CH,),CH “a (CH), CHCH;C(CH;); 


Isobutylene Isobutane 2,2,4-Trimethylpentane 
(Isooctane) 


A reasonable mechanism for this alkylation reaction involves addition to 
the alkene by a carbocation derived from the alkane. In contrast to the polym- 
erization reaction, the new carbocation formed by addition abstracts a hy- 
dride from another molecule of alkane rather than adding to a molecule of 
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alkene. The addition thus stops on formation of a dimer, while providing a 
carbocation to initiate another addition reaction. The sequence is usually initi- 
ated by reaction of the acid catalyst with the alkene or some other source of a 
carbocation. 


(CH,),C=CH, + НЕ => (CH,),C F- — Initiation 
ы Р 
(CH3,C-€H, + C(CH,), —> (CH3,CCH,C(CH;), 


+ 
(CH3,CCH,C(CH); + H—-C(CH3), ——› (CHjCHCH;C(CH;), + (сн,);С 


. Alkenes and Alkynes as Petrochemical Raw Materials 


We are now familiar with the diversity of reactions associated with 
carbon-carbon multiple bonds. It is also important to realize that low- 
molecular-weight alkenes and alkynes are the starting compounds for most 
large-scale industrial processes. These are the raw materials of the chemical 
industry. 

Ethylene is currently the most important raw material used as a chemical 
feedstock. It is prepared principally by thermal and catalytic cracking of al- 
kanes obtained from natural gas and petroleum. Cracking is a high-tempera- 
ture process (700-900°C) which proceeds principally by various free-radical 
(Chap. 24) mechanisms. In recent years introduction of catalytic methods has 
made it possible to carry out these processes at lower temperatures and with 
improved control and efficiency. 

About 45 percent of the world's production of ethylene is used in the 
manufacture of the polymer polyethylene (Chap. 25). The syntheses of ethyl- 
ene oxide, vinyl chloride, ethanol, and styrene account for another 50 percent 
of the ethylene consumed. With the exception of the use of ethanol as a 
solvent, these latter compounds are employed principally as raw materials for 
the production of further products, principally polymers. 

Propylene is a coproduct with ethylene from the cracking sequence. 
Hydration of propylene to produce isopropyl alcohol (2-propanol) was one of 
the first commercial petrochemical processes. Porypropylene (Chap. 25), acry- 
lonitrile (propenenitrile), isoprene (2-methyl-1,3-butadiene), and allyl chlo- 
ride (3-chloropropene) are a few of the important industrial products derived 
from propylene. 


Vs 
CH,=CHCN CH,=C—CH=CH, CH,—CHCH;CI 
Acrylonitrile Isoprene Allyl chloride 
(Propenenitrile) (2-Methyl-1,3-butadiene) (3-Chloropropene) 


At one time, acetylene produced from calcium carbide (Sec. 14-6) ог 
catalytic cracking of petroleum was a major petrochemical raw material. The 
addition of a broad spectrum of reagents to the triple bond provided a variety 
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of secondary raw materials (Fig. 15-1). A major disadvantage of acetylene as a 
raw material is that it is potentially explosive and must be handled with par- 


ticular care. 
FIGURE 15-1 H,O 
Some industrial CH,CHO 
uses of acety- Acetaldehyde 
lene. W 


CH,—CHCI £25 CICH,CHCI, 
Vinyl chloride Trichloroethane 


HCHO , CH=CCH,OH -+> CH,—CHCH,OH 
Allyl alcohol 
OH он CH, 
нс=сн CO, (cj) Cc cH На» (CH, CCH-CH, =» CH,=C—CH=CH, 


Isoprene 


а 
ра CH,—CCH=CH, 
HC-CH , CH=CCH=CH, Chloroprene 
Vinyl acetylene H 
2 


CH,=CHCH=CH, 
1,3-Butadiene 


CH,COHH , Ck. CO,CH—CH, 
Vinyl acetate 


15-4 Transition Metal Organometallics 


The study of the complexes formed between transition metals and or- 
ganic compounds is one of the most rapidly growing areas of chemistry. It is 
at the organic-inorganic interface and provides a variety of new concepts and 
reactions applicable to organic synthesis. Research in this field is of particular 
economic importance since a large number of industrial processes are cata- 
lyzed by transition metal complexes. Many of those transition metal or- 
ganometallics originate from the reactions between alkenes and transition 
metal compounds. 


A. Alkene-Transition Metal Organometallics 


Transition metals possess unfilled orbitals capable of accepting elec- 
trons. We can think of them as Lewis acids. The pi bonds of alkenes can 
provide those electrons. Simple alkenes are often referred to as two-electron 
ligands toward transition metals since the two electrons of the pi bond pro- 
vide the principal means of coordination with the metal atom. Although this 
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isa rather simplified picture of the transition metal organometallic complex, it 
does provide us with a model we can use in describing some of the chemistry 
of these materials. 


N ей уд 
м + ХК — M эм 
DS ^^. 


Platinum-alkene complexes were among the earliest known or- 
ganometallics. Zeise's salt, a yellow solid obtained when ethylene is bubbled 
through an aqueous solution of potassium tetrachloroplatinate, was first re- 
ported in 1827. 


CH=CH) + K;PtCl, — [Pt(CH?CH;)Cl] Cl^ 2K* 


Zeise's salt 


Zeise's salt has a structure in which the platinum-alkene bond lies in the 
plane containing the three platinum-chlorine bonds. The carbon-carbon 
bond of ethylene is perpendicular to this plane. Platinum is said to form a 
square planar complex with its four ligands. 


CI gH 
CH, 


CI c 


Ethylene combines with many of the transition metals, though the complexes 
are often thermally unstable and air-sensitive. 

Some of the alkene complexes involved in transition metal catalysis in- 
volve carbon monoxide as at least one of the metal's ligands. These complexes 
can be prepared from a metal carbonyl and an alkene. For example, 1,3-buta- 
diene forms an iron tricarbonyl complex when mixed with iron pentacar- 
bonyl. The four pi electrons allow butadiene to replace two carbon monoxide 
ligands on iron. Structural analysis shows that all four of the butadiene car- 
bon atoms are equidistant from the iron. 

a, 
Fe(CO), + CH,—cH—cH-:cH,—5 C Heyy 2 
Iron pentacarbonyl 1,3-Butadiene Le | с 


2 S 
1% 


Compounds with sigma bonds between the transition metal and alkyl 
groups are also known. А few examples are tetrabenzylzirconium, methyl- 
manganese pentacarbonyl, and trineopentyltantalum dichloride. 


Zr(CH2C6H5)4 CHsMn(CO)s [(CHs)sCCH2]sTaCle 
Tetrabenzylzirconium Methylmanganese pentacarbonyl Trineopentyltantalum dichloride 
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An important experimental observation was that many transition metal com- 
pounds with metal-carbon sigma bonds are very unstable when the alkyl 
group has a hydrogen atom beta to the metal. Transfer of a -hydrogen atom 
to the metal leads to cleavage of the sigma bond and elimination of the alkyl 
ligand as an alkene. We will, however, soon see that the reverse of this gen- 
eral type of process, addition of an alkene to the metal and conversion of the 
pi to a sigma complex, is an important pathway of catalysis. 


. Homogeneous Catalysis 


We have already encountered some examples of catalysis by transition 
metals. Catalytic hydrogenation (Sec. 15-3G) is a synthetically important ex- 
ample in which reaction takes place on the surface of an insoluble metal. 
Because this is a heterogeneous process, intermediate structures are difficult 
to determine. The development of homogeneous catalysts has made it possi- 
ble to investigate catalytic processes in detail. Mechanistic data derived from 
homogeneous reactions have been used as models for understanding hetero- 
geneous processes. Let us consider the important Wilkinson's catalyst for 
homogeneous hydrogenation. (Geoffrey Wilkinson and Ernst Fischer shared 
the Nobel prize in 1973 for their work in transition metal organometallic 
chemistry.) 

Wilkinson’s catalyst is a four-coordinate rhodium complex with triphen- 
ylphosphine and chlorine ligands on the rhodium. Vacant coordination sites 
on the metal atom are a key to catalytic activity. Addition of a hydrogen 
molecule to the complex and loss of one triphenylphosphine ligand provides 
the active hydrogenation catalyst, a five-coordinate rhodium complex. Forma- 
tion of two metal-to-hydrogen bonds furnishes the energy required to break 
the sigma bond of a hydrogen molecule. Addition of a neutral molecule such 
as hydrogen to the vacant coordination sites of a transition metal complex is 
referred to as oxidative addition. In this case rhodium changes from the +1 to 
the +3 oxidation state. 


L L LH H 
P A oat P 4 
а тү с L 
(L = (C,H), P) 


The active catalyst has one vacant coordination site on the rhodium 
atom. Formation of a pi complex with an alkene leads to a six-coordinate 
rhodium intermediate. Subsequent rearrangement with hydrogen atom 
transfer produces an alkyl-rhodium sigma complex. This step is often re- 
ferred to as an insertion process since the alkene group inserts into the metal- 
hydrogen sigma bond. Many catalytic processes involve insertion of the sub- 
strate ligand into a metal-carbon sigma bond. 
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PROBLEM 


15-34 


pmi 
H 
A / insertion 
+ I ===, == 
CI TE 


ve d Dis 
co 


LH 


RT 
RT 
CI L 
The final step in this catalytic sequence involves loss of the alkane prod- 
uct and regeneration of the catalyst. This last step, the loss of a neutral mole- 
cule from a transition metal complex with reduction of the metal, is known as 
reductive elimination. 


Е. м 
t — 


Wilkinson's catalyst will promote decarbonylation of an aldehyde. 


72 
ВС —э R—H + C—O 
“н 


The first step in the decarbonylation process is believed to be an oxida- 
tive addition of the aldehyde to the catalyst. 


n o LH L 


2 


la, 
Seng + RCHO — pu 
ot ud СОК 


If we note that CO resembles an alkene as a ligand on transition met- 
als, the decarbonylation follows a pathway similar to the reverse of 
hydrogenation of alkenes. Use the format of the hydrogenation se- 
quence depicted above to write the steps in the decarbonylation proc- 
ess. 


C. Industrial Application of Catalysis 


One of the very important processes of the petrochemical industry is the 
introduction of a functional group into the compounds derived from pet 
leum feedstock. Some of the most selective methods for the introduction © 
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oxygen-containing functional groups into alkenes are those involving the 
transition-metal-catalyzed insertion of carbon monoxide. Most of these proc- 
esses are believed to involve metal—carbony] intermediates as the catalysts. In 
the hydroformylation of alkenes, the oxo-reaction, a cobalt catalyst promotes 
the addition of carbon monoxide and hydrogen to the carbon-carbon double 
bond. Aldehydes with one additional carbon atom are produced. 


CH;CH—CH, + CO + Н, — d CH,CH,CH,CHO + (CHj,CHCHO 
-180°! -300 atm. 


The active catalyst is actually hydridotetracarbonylcobalt formed during 
the reaction by addition of hydrogen to the octacarbonyldicobalt. 
Co,(CO)s + Н, == 2HCo(CO), 

Octacarbonyldicobalt Hydridotetracarbonylcobalt 
Hydroformylation is believed to involve formation of a catalyst-alkene pi com- 
plex followed by insertion of the alkene into the metal-hydrogen sigma bond. 
One carbon monoxide ligand then inserts into the metal-alkyl bond to give an 
acylcobalt complex. 


ү? 
И] 
HCo(CO), + `С=С/ == НСо(СО), — T E н-с—{—СоСО), == 
E TN. eel | 


н-е—б—С—сәсо), 


The final step of the sequence is, like many other transition-metal-catalyzed 
processes, still not satisfactorily understood. Two pathways currently being 
considered are (1) oxidative addition of hydrogen followed by reductive elimi- 
nation and (2) direct reduction by the hydridotetracarbonylcobalt. 


п н-с—с—сно + HCo(CO), 


| со 


[ү] 
ar ond p rt HCo(CO), 


11 
сам H-C-C-CHO + Ge 
co 


Со (СО), 


Modified catalysts for hydroformylation have triphenylphosphine in 
place of two of the carbon monoxide ligands on cobalt [(CsHs)3P]2Co(CO)¢, or 
involve a rhodium complex related to the Wilkinson hydrogenation catalyst 
discussed earlier. These catalysts allow the reaction to be carried out at lower 
pressures (10-20 atm). The modified cobalt catalyst is also a better hydrogen- 
ation catalyst than is the unsubstituted cobalt carbonyl, so that alcohols rather 
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PROBLEM 
15-35 


than aldehydes are the major products. In either case, the new carbon atom is 
introduced at the end of the original alkene chain so as to give terminal alde- 
hydes and alcohols. The sequence might be thought of as involving an anti- 
Markovnikov addition of hydrogen and metal to the alkene double bond. 

A related carbonyl insertion reaction is the basis for the rhodium-cata- 
lyzed preparation of acetic acid from methanol. The overall reaction is 

CH,OH + co — VH. , cu coi 
175*C/13-20 atm 

The reaction involves addition of iodomethane, formed from methanol and 
hydrogen iodide, to the active catalyst, trichlororhodium carbonyl. 


CH,OH + HI == СНУ + H,O 


co co соо 
| ABs со [Hs | |, 

Сну + ChRACO — Сз — са — ав Сен, — 
І г СО 1 


VA 

CIRhCO + CH, 

1 

о 
a 
CH, 


ү 


+ H,O —> CH,CO,H + HI 


Describe the processes taking place at each step in the rhodium-cata- 


lyzed preparation of acetic acid from methanol. 


Palladium-catalyzed oxidation of alkenes is known as the Wacker proc- 
ess and is now the major source of acetaldehyde. 


PdCl,/H,O 


CH,CHO 
CuCl, 


CH,—CH, + ¥,0, 


Reaction is believed to proceed through a palladium chloride complex of the 
alkene. Water adds to the complex as a metal-carbon sigma bond forms and a 
proton is lost. Hydride migration and loss of palladium metal account for the 
final step in the reaction. 


H 
а нае) 
сурау + H,O === CLibd--CH,—CH-£O-H —> 
CH; 


CH,CHO + Pd* + 2НА 


The cupric chloride and oxygen function to reoxidize the palladium for con- 
tinuation of the catalytic cycle. 
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Pd? + 2CuCh —> Расі, + 2CuCl 
2CuCl + %O2 + 2НС1 —> 2СиСЬ + НО 


The Fischer-Tropsch reaction, though not currently in general use, is of 
some historical interest since it provided a major source of fuel for Germany 
during World War II. The process involves the reaction at high temperature of 
hydrogen and carbon monoxide over a cobalt catalyst to produce hydrocar- 
bon mixtures suitable for gasoline or diesel fuel. 


Cı 
CO +H, Рт C,—C,, hydrocarbons + other products 
300° 


The required carbon monoxide and hydrogen mixture, often called water gas 
or synthesis gas, can be obtained by treatment of coke with high-temperature 
steam. The method provides a source of hydrocarbon fuels from the abun- 
dant coal reserves of the world, rather than crude oil. There is currently a 
great deal of interest in developing catalysts to make the Fischer-Tropsch 
reaction economically practical. 

We will encounter further examples of transition-metal-catalyzed or- 
ganic reaction in subsequent chapters. Of these, the most important economi- 
cally are the Zeigler-Natta-catalyzed polymerizations of alkenes treated in 
Chap. 25. 


. Transition Metals in Biological Systems 


Transition metals are components of many molecules important in bio- 
logical processes. Metalloporphyrins, for example, are a group of biologically 
important compounds in which a transition metal is complexed with a por- 
phyrin ring. Heme, the nonprotein red pigment of hemoglobin and myoglo- 
bin, is an iron-containing metalloporphyrin. The parent structure of the por- 
phyrins is porphin, a cyclic compound in which four pyrrole rings (Sec. 19-2) 
are connected to each other by a methine (—CH=) bridge. 


НО,С(СН,); 


HO,C(CH,), 


Porphin 


Porphyrins differ in the groups which are substituents on the pyrrole 
rings as well as the metal atom with which they complex. The structure of 
heme is that of a protoporphyrin and is typical of the nonprotein portion of 
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many important iron-containing proteins found in animals. Protoporphyrins 
possess four methyl, two vinyl, and two propanoic acid substituents. Com- 
plexes with iron, magnesium, cobalt, zinc, nickel, and copper have been iso- 
lated from natural sources. 

The metal atom is held in the center of a porphyrin by coordination with 
the four pyrrole nitrogen atoms. The geometry is that of a square-planar com- 
plex. A fifth and sixth potential coordination site for iron are above and below 
the plane of the porphyrin ring. 


The histidine amino acid of a peptide chain (Chap. 22) is the fifth ligand 
in myoglobin and hemoglobin. When the sixth coordination site of iron is 
unoccupied the proteins are known as deoxymyoglobin or deoxyhemoglo- 
bin. The oxygen transfer function of these proteins involves reversible coordi- 
nation of an oxygen molecule on the sixth coordination site. Carbon monox- 
ide is a poison because it binds strongly as a sixth ligand and inhibits 
coordination of oxygen to the protein. 

Chlorophyll, the green pigment of plants, is a magnesium containing 
compound. The cyclic structure to which the magnesium atom is bound dif- 
fers from that of a porphyrin in that one of the pyrrole rings is partially 
reduced. This characteristic structure is known as a chlorin. Chlorophyll is 
the important light gathering chromophore in the photosynthetic process of 
plants. 


H 
T 2 
CH сн, 
СН; 295 
CH3, 
H; 
H 
da 
(ie COCH 
C Coo Hag 


Chlorophyll 
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Summary 


A. The Chemistry of Alkenes and Alkynes j 


The pi electrons of double and triple bonds provide regions of high 
electron density with which electrophilic reagents can interact. Most reactions 
of carbon-carbon multiple bonds are classified as electrophilic. That contrasts 
with reactions classified as nucleophilic at the carbon-oxygen double bond of 
a carbonyl group. 


EORNM | x 
Е + rn — LOURDES 


Nuil 55: N uud 
: thea eat SR aa 


The unsaturated carbon-carbon bond is capable of undergoing either 
addition or substitution reactions. Addition is typical of isolated and many 
conjugated multiple bonds. Substitution is observed with aromatic com- 
pounds (Chap. 17) or other systems in which destruction of the multiple bond 
would be thermodynamically unfavorable. 

The addition of an unsymmetrical reagent to an unsymmetrically substi- 
tuted carbon-carbon multiple bond can take place in either of two directions. 
In practice, only one direction of addition is observed. Markovnikov's rule 
predicts the regiospecificity of the reaction and can be accounted for by as- 
suming that the electrophile adds so as to form the more stable cationic inter- 
mediate. 


H 
К), | 

C—C—E 

na 

R л н 

Е®+ С=С 

H H R 

К 

EE 

HOH 


The two components of the reagent can add to the multiple bond from 
the same side of the alkene molecule (syn addition) or from opposite sides 
(anti addition). Anti addition is most characteristic of electrophilic additions. 
In the addition of bromine an intermediate bromonium ion holds configura- 
tion while directing anti addition. Hydration often proceeds by a more ran- 
dom stereochemical pathway. Stereoselectivity in additions to carbon-carbon 
multiple bonds is highly dependent on the reagent and the structure of the 
unsaturated substrate. 
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B. Reactions of Alkenes and Alkynes 
Halogenation (Sec. 15-3A) 
T 
х 4 
КЕС + Bn — cum 
Br 


—C=C— +В, — с=с mn, "uS 


Addition of hypohalous acids (Sec. 15-3A) 
Noch | ad 
BG + HOX — JOVE UR OR 
Hydrohalogenation (Sec. 15-3B) 


N A | 

C= + HCl —> нба 
v xS LERRA 
\ na 
pee. + НВг — ааа 


SENECA p] 
Je HS. нее 


H cl 
\ d 
—C=C— + HCl — “©. 


н hr 
—CzC— + 2HBr —> н-б-с—в 


Hydration 
a By addition of water (Sec. 15-3C) 


\ | 
art +н,о 8, н—0—0—0н 
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но 
—cec- + Ho Н, Hee 


b By oxymercuration-reduction (Sec. 15-3C) 


N ^ Hg(OAc), NaBH, Ju] 
== С. 
© C HO > OH | т OH 


c By hydroboration-oxidation (Sec. 15-3D) 


NDW amus, oy Los 
ХСС Sh, BO., н-с-р—-он 


но 
с=с— RBH, ню, Н et 


Epoxidation (Sec. 15-3E) 
О, 
Мешуд AUN 
eH + СОН — B al 


M д 
tt чон; КТҮҮ: (бес. 11-4В) 
Га 


Hydroxylation (Sec. 15-3E) 


| 050, он OH 
| сс” +] ог — —C—C— 
| KMnO, | 

| 
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Addition of alkenes (Sec. 15-31) 


i-a 
Di сс > etc, 
Addition of alkanes (Sec. 15-31) 


eS. "i | H* ] 9 
С=С + H—C— —> H—C—C—C— 
Be EX | е ә! 


Hydrogenation (Sec. 15-3G) 
a Catalytic 


Н, H 
—C=C— +H Catalyst Ж С / н, 


C 
=. (deactivated) / N Catalyst 


I—II 
E 


b With diimide 


ia 
Le 

?с=с + HN=NH —> 4 C— 

d N I^ 


N =] 
—C=C— + HN=NH —> х= EHINENHL — ЛШ ШШ 
H H 


Ozonolysis (Sec. 15-3H) 


/ 
Xe 95 Sys Hio, Уо + oc 
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| 15-6 Supplementary Problems 


15-36 Predict the major organic product(s) in each of the following reactions. Include stereo- 
chemistry where appropriate. 


а CH,=CHCH,Br + Br, Ch, 


b CH,=CHCH,CH,CH=CHCO,CH, + Cl, See 
с (CH,),C=CH, + суссо,н 5, 
а снуснузс=сн + но Не, 
H,S0, 
e (CHy,C—CH, + Cl, — 


Е E-CH,CH,CH=CHCH, + 050, 20 


2) H,O/NaSO, 

в E-CH,CH=CHCH, + CHjl oe 

1) H,O/THE 
к (CH,),CCH,CH,CH=CH, + Hg(OAc), вн CO 


CH, 


1) Diglyme 
j (Orca, + (BH); > 7,0,/H,0/NaOH 


1) CH,Cl, 


k | + 9: 2) Zn/HOAc/H,O 


ae 
1 + но #8 


we 


РУЕЮАс 


pinos ami 


45-37 The reaction of chlorine in carbon tetrachloride with 2-methylpropene labeled with BG 
at the number one carbon atom gives, as one of the products, compound A (СНС). 
When A is degraded by ozonolysis, formaldehyde and “C-labeled 1-chloro-2- 
propanone are recovered. Identify A and account for its formation. 


15-38 Although the addition of НСІ to either 1-butene or 2-butene gives the same product 
(2-chlorobutane), the reaction with 1-butene is faster. Explain these results and draw 


an energy profile diagram to illustrate your answer. 


ООО ООО 
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15-39 Use three-dimensional formulas to trace each of the following processes: 
a Compound A was treated with formaldehyde and formic acid (the Eschweiler- 
Clarke reaction) and then oxidized with hydrogen peroxide. The resulting amine 
oxide was pyrolyzed, and the product was treated with a mixture of hydrogen per- 
oxide and osmium tetroxide. 


H NH 
аку Ее, i 
А ўн 
СН; CH, 


A 


b 1,2-Dimethylcyclohexene was treated with perbenzoic acid, and the product was 
reduced with lithium aluminum hydride. The resulting compound was converted to 
a tosylate, and the tosylate was heated with aqueous alkali. 

c 2-Butyne was reduced with 1 mol of hydrogen over a partially deactivated palla- 
dium catalyst. The product reacted with hypochlorous acid, and the resulting com- 
pound, when treated with base, gave 2,3-dimethylethylene oxide. 


15-40  Predict the major organic product(s) in each of the following reactions. Include stereo- 
chemistry where appropriate. 


1)THF 


а (CH;),C=CHCH, + (ВН), rro 
2 2 
CH; CH, 
OUT 
b СС + (BH) 
CH, H 


с (CH34CCH—C(CHj), + HI —> 


а oa Сне ОЗЕ 


e СН,=СНСІ + НОСІ —> 


1)THF 
2) NaOH/H,O/H,0, 


Е p-CH,C,H,CH=CH, + HCl —> 
 Z-C,HCH—CHCH, + Br, —> 
OH 


| 
h CH,CH,C(CH,)C=CH + H,O 1850 


H,S0, 


i C,H,CH,CH—CH, + CH,CO,H 2s, 


jJwGH,GesCCHs ру 


15-41 Suggest a mechanism for the formation of y-valerolactone by the reaction of 4- 
pentenoic acid with a catalytic amount of sulfuric acid. 


CH hace 
CH,=CHCH,CH,CO,H —> to 


15-42 


15-43 


15-44 


15-45 


15-46 


15-47 


15-48 
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Predict the structure of the neutral product formed in the following reaction. 
CH, COH 
CH,—C—CH,C(C;H;), + Br; —> C,4H;;BrO, 


About 25 percent of the acetaldehyde produced in the United States is utilized for the 
synthesis of the two industrially important alcohols 1-butanol and 2-ethyl-1-hexanol. 
Suggest a synthetic pathway for each of these alcohols beginning with acetaldehyde. 


The natural compound terrein is synthesized by certain microorganisms. Terrein is 
optically active, and its absolute configuration was quickly and elegantly determined 
by conversion to the diacetate with acetic anhydride/pyridine, followed by ozonolysis 
with a peroxide work-up. (Note: a-Keto acids undergo oxidative cleavage to acids with 
peroxide.) The experiment yielded the diacetate of (+)-tartaric acid (Fig. 6-32). How 
does this determine the absolute configuration in terrein, and what is it? 


О 
Он он 


Terrein 


An acyclic monoterpene, C;oHie, takes up 3 moles of hydrogen on catalytic hydrogen- 
ation. Ozonolysis carried out in reductive work-up conditions gives the following frag- 
ments. Suggest possible structures for the terpene. 


J 
(CHj,C—O; HCHO; CH,CCHO; OHCCH,CHO 


The oxymercuration-reduction of limonene takes place at only one of the two double 
bonds. Provide an explanation for that selectivity. 


CH, CH, 


1) Hg(OAc),/H,O/THE 
2) NaBH,/NaOH/H,O 
[OH 


CH 
C E ЭШЕН, 


Limonene 70% 


Suggest a synthetic sequence for each of the following transformations. 
a 1-Butanol to 1-butyne 

b Propionaldehyde to Z-2-butene 

€ Cyclohexylmethanol to cyclohexanone 

d Bromocyclopentane to 2-bromocyclopentanol 

e Methylenecyclohexane to 1-deuterio-1-methylcyclohexane 

f 3,3-Dimethyl-4-phenyl-2-butanol to 3,3-dimethyl-4-phenyl-1-butanol 
g E-Stilbene (E-1,2-diphenylethene) to erythro-1,2-diphenyl-1,2-ethanediol 
h E-Stilbene to threo-1,2-diphenyl-1,2-ethanediol 

i 1-Methylcyclohexene to 2-methyl-1-methylenecyclohexane 

j E-Stilbene to E-1-bromostilbene 


Optically active compound A(CsH;40») was reduced with lithium aluminum hydride 
to give two isomeric compounds B and С (СгН;6О›). Compound B was optically active 
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and C was not. Catalytic reduction of B or C gave isomers D and E (CsH;,O2). When 
compound А was oxidized with iodine in aqueous sodium hydroxide (МаОГ; the 
haloform reaction), 2 moles of iodoform (CHI;) was produced along with an optically 
inactive diacid Е (CsHgO,). Ozonolysis of A with reductive work-up gave optically 
active aldehyde G and inactive aldehyde H. Vigorous oxidation of G with NaOI fol- 
lowed by warming evolved carbon dioxide and gave iodoform and acetic acid. When 
H was oxidized to an acid and then warmed, carbon dioxide was evolved and acetone 
formed. Identify each of the lettered compounds and trace the interconversions. 


“15-49 Two isomers А and B (СзН1>О4) are readily converted to compound C on catalytic 
hydrogenation. The 'H-NMR data for A, B, and C are listed below. Identify the three 
compounds. 

А; ô (ppm): 1.30 (t, 3, J = 7 Hz); 4.28 (q, 2, ] = 7 Hz); 6.28 (s, 1). 
В; ô (ppm): 1.32 (t, 3, J = 7 Hz); 4.27 (4, 2, ] = 7 Hz); 6.83 (s, 1). 
С; ô (ppm): 1.25 (t, 3, J = 7 Hz); 2.62 (s, 2); 4.15 (q, 2, J = 7 Hz). 

"15-50 A compound, СН, takes up 1 mol of hydrogen on catalytic hydrogenation and 
forms a dibromo derivative when treated with bromine in carbon tetrachloride. Ozon- 
olysis results in formation of a single compound. The spectrum of the original com- 
pound is reproduced in Fig. 15-2. Identify this material and trace the chemical reac- 
tions. 

FIGURE 15-2 500 400 300 200 100 0 Hz 

‘H-NMR spectrum Н 

for Prob. 15-50. НН 
8.0 7.0 6.0 5.0 40 3.0 2.0 1.0 0 ô-ppm 


*15-51 


*15-52 


Compound А, CsHgO2, absorbed 2 moles of hydrogen over deactivated palladium 
catalyst to yield compound B. Hydrogenation of compound B with active platinum 
resulted in 2 moles more of hydrogen uptake to yield compound C, which is also 
formed from A with platinum-catalyzed hydrogenation. АП three compounds react 
with hydroxylamine to form oximes. Compound B, on ozonolysis, yields 2 moles of 
one substance and 1 mol of another. The 'H-NMR spectrum of A has singlets at 2.1 
and 2.6 ppm with an area ratio of 3:1. Trace these reactions with structural formulas. 


А solid compound, on combustion analysis,. gives an elemental composition of 
С = 94.34% and Н = 5.66%. The compound adds 2 equivalents of bromine in СС 
and takes up 2 moles of hydrogen over a platinum catalyst. The mass spectrum shows 
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only one significant peak located at m/z = 178. The IR and "H-NMR spectra are repro- 
duced in Fig. 15.3. Identify the compound. 


FIGURE 15-3 500 400 300 200 100 0 Hz 
Spectra for Prob. 
15-52. 
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 05-ppm 
(a) 
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Frequency cm 
(b) 


15-53 Mescaline (СиНиМО)), a hallucinatory compound extracted from the flowering tops 
of a cactus found in the southwestern United States, has the following 'H-NMR spec- 
trum: 6 (ppm) 1.0 (s, 2), 2.8 (m, 4) 3.8 (s, 9), and 6.8 (s, 2). Mescaline forms а salt A 
(Ci4HigNOsCI) with hydrogen chloride. Hofmann exhaustive methylation yields tri- 
methyl amine and compound B (C;;H,4O3). Ozonolysis of B with reductive work-up 
produces formaldehyde and an aldehyde C (СьН;2О.). Reaction of C with HI gives 
iodomethane and 3,4,5-trihydroxybenzaldehyde. Mescaline can be synthesized by a 
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i inni i ic aci 1H- f which is 
multistep sequence beginning with gallic acid (C7H6Os), the ^H NMR o i 
shown in Fig. 15-4. Suggesta structural formula for mescaline and outline its synthesis 


from gallic acid. 
FIGURE 15-4 500 400 300 200 100 0Hz 
‘H-NMR spectrum H 
of gallic acid. 
8.0 7.0 6.0 5.0 40 3.0 2.0 1.0 06-ppm 


"15-84. The compound whose IR, 'H-NMR, and mass spectra are shown in Fig. 15-5 can be 
prepared by an addition reaction of HX (X — halogen). Identify the compound, then 
suggest a one-step synthesis to prepare it. 


FIGURE 15-5 500 400 300 200 100 0 Hz 
Spectral data for 
Prob. 15-54. 


8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 08-ррт | 


15-6 Supplementary Problems 575 


FIGURE 15-5 (Continued) 
Wavelength, ym 
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16-1 


Conjugation—the electronic interactions between unsaturated bonds— 
plays a very important role in determining many of the characteristics of 
organic compounds. We have, for example, encountered experimental evi- 
dence which demonstrates that conjugation stabilizes a compound in compar- 
ison with some nonconjugated model compound (Sec. 7-4). We have also 
seen that the conjugation which delocalizes charge in anions and cations sta- 
bilizes those species thermodynamically. 

In this chapter we will examine some of the reactions distinctive to con- 
jugated systems. We will see how carbon-carbon double bonds which are 
normally regarded as nucleophilic become electrophilic when in conjugation 
with an electron-withdrawing group. We will also explore one of the most 
powerful predictive tools available to the organic chemist: the application of 
orbital symmetry methods to the reactions of unsaturated compounds. 

But this chapter is only a prelude to what comes next. In Chap. 17 we 
will again see that conjugation within the benzene ring and its analogs is 
indeed special. Such aromatic compounds possess the property known as 
aromaticity (Sec. 7-4D). That unique stabilization of certain cyclic conjugated 
compounds provides a basis for our understanding of the chemistry of a very 
large and important group of organic substances. 


Conjugated Dienes 


Conjugated dienes undergo electrophilic additions that are analogous to 
the related reactions of alkenes. That is not surprising, for dienes also possess 
electron-rich double bonds. But dienes possess two carbon-carbon double 
bonds at which reaction can occur. Interaction between those double bonds 
provides multiple sites at which an electrophilic reagent can add. 

Consider the addition of hydrogen chloride to 1,3-butadiene. Two prod- 
ucts are formed. One is the result of НС! addition to one of the double bonds; 
а 1,2-addition. The second product involves addition across the ends of the 
conjugated diene, a 1,4-addition, and a movement of the remaining double 
bond. Let us see how a mechanistic description of the addition can account 
for the observed products. 
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[e] 
| 
CH,=CH—CH=CH, + HCl = CH,CHCH=CH, + CH,CH—CHCH,CI 
1,3-Butadiene iy 3-Chloro-1-butene 1-Chloro-2-butene 
80% 20% 


А. The Mechanism of Electrophilic Conjugate Addition 


The first step in the reaction of a hydrogen halide with an alkene is 
addition of a proton. We have already seen that this step is expected to occur 
so as to form the more stable carbocation (Sec. 15-2). In the case of 1,3-butadi- 
ene, addition of the proton to a terminal carbon atom produces a resonance- 
stabilized carbocation. The resonance structures A and B are the contributors 
to what is referred to as an allylic cation. Its resonance structures involve a 
carbocation conjugated with a carbon-carbon double bond, a three-carbon 
fragment commonly known as allyl (Sec. 3-1E). 


CH,CH—CH=CH, 
A 


CH,=CH—CH=CH, + H* —— | 


CH,CH=CH—CH, 
B 


We would expect the charge distribution depicted by resonance struc- 
ture A—a secondary carbocation—to make a greater contribution to the reso- 
nance hybrid than does that of resonance structure B—a primary carbocation. 
To the extent that this unequal charge distribution in the intermediate allylic 
cation influences the addition of chloride ion, formation of 3-chloro-1-butene 
is favored. The difference in activation energies going from intermediate to 
products is very small in this example. Only about 0.8 kcal/mol (3 kJ/mol) will 
account for the observed isomer distribution (Sec. 4-1B). 

Other addition reactions to conjugated alkenes give similar results. The 
isomer ratio can be related to the charge distribution in the intermediate 
cation, at least at low temperatures. 


Br 
| 
CH,=CH—CH=CH, + HBr E > CH,CHCH=CH, + CH,CH=CHCH,Br 
3-Bromo-1-butene 1-Bromo-2-butene 
8076 2096 
Я 
CH,=CH—CH=CH, + Cl, zo, CICH,CHCH—CH, + CICH;CH—CHCH,CI 
3,4-Dichloro-1-butene 1,4-Dichloro-2-butene 
60% 40% 
CH; a 
ЕО 
CH,=C—CH=CH, + НСІ аа (СНз) ССН= СН, + (CH),C=CHCH,Cl 
2-Methyl-1,3-butadiene 3-Chloro-3-methyl- 1-Chloro-3-methyl- 
(Isoprene) 1-butene 2-butene 


73% 27% 


PROBLEM 


16-1 


PROBLEM 


16-2 
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a Draw a diagram to show the interacting p orbitals of the allylic cation 
derived from addition of a proton to 1,3-butadiene. 


b Draw the intermediate carbocation which would lead to the unob- 
served product, 4-chloro-1-butene, in the reaction of 1,3-butadiene 
with HCl. Compare the stability of this cation with that of the cation 
that actually leads to products. 


Draw structural formulas for all the possible products from the reaction 
of 1-phenyl-1,3-butadiene with hydrogen chloride. Comment on any 
which might not be expected to form. 


. Kinetic and Equilibrium Control 


The product distributions observed in the preceding examples of electro- 
philic additions to conjugated 1,3-dienes are readily accounted for by the 
proposed reaction mechanism. However, in each case it is the less-substituted 
and therefore the presumably less stable alkene that predominates. This sug- 
gests that once the intermediate carbocation is formed, it is converted more 
rapidly to the less stable product. The product mixture is controlled by the 
kinetics of the reaction, the ease with which the second step, addition of a 
nucleophile, occurs. Product stabilities are not the controlling factor in these 
reactions (Fig. 16-1). 

But how do we know that our presumptions about the order of product 
stabilities are correct? Might the less-substituted alkenes be more stable in 
these examples? Further experimental results provide the answer. 

We saw that the addition of hydrogen chloride to 1,3-butadiene at a low 
temperature gives a mixture containing 80% of the less-substituted alkene 
product—the product resulting from 1,2-addition. In contrast, at a higher 
temperature 75% of the more-substituted product—the product of 1,4- 


FIGURE 16-1 
Energy-profile 
diagram for re- 
action in which 
the common in- 
termediate goes 
more rapidly to 
the less stable 
product. 


Energy 


Reaction coordinate 
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PROBLEM 
16-3 


addition—is obtained. Furthermore, either one of the products, when heated 
under acidic conditions, leads to the same mixture of products as is obtained 
when the addition reaction is carried out at an elevated temperature. 


CH,—CHCH-CH, Н 


СІ СІ 


| 
CH,CHCH—cH, e CH,CHCH—CH, + CH,CH—CHCH,CI 
E 25% 75% 


CH,CH—CHCH,CI 


These latter results are what we expect when equilibration of isomers 
takes place. The additional thermal energy promotes equilibration of the ini- 
tially formed products. The more-substituted alkene becomes dominant and 
the isomer mixture reflects thermodynamic stabilities (Sec. 4-1B). We say 
that the product mixture is the result of equilibrium control. 

The isomer mixture obtained at a lower temperature reflects the relative 
rates of the reaction pathways and is the result of kinetic control of product 
formation. The product formed more rapidly predominates in the reaction 
mixture even though it may not be thermodynamically more stable. 


The addition of chlorine to 1,3-butadiene at 25*C produces 60% 3,4- 
dichloro-1-butene and 40% 1,4-dichloro-2-butene. At 200°С yields are 
30% and 70% respectively. 


a Draw an energy profile diagram for formation of the kinetic and 
equilibrium product mixtures in the reaction of 1,3-butadiene with 
chlorine. 


b Addition of zinc chloride (ZnCl,) to a mixture of the dichlorobutenes 
is another method for attaining the equilibrium product mixture. 
What is the role of zinc chloride? 


Not all electrophilic additions to conjugated alkenes give different prod- 
uct mixtures under conditions of kinetic and equilibrium control. Often the 
same factors which favor product stability control the rate of addition to the 
intermediate. That is particularly true in phenyl-substituted dienes, where 
stabilization by conjugation with the benzene ring may control the reaction 
pathway. 


СІ 

| 
C;H,CH—CHCH—CH, + Cl, —> СН;СН=СНСНСНн,СІ 
1-Phenyl-1,3-butadiene 3,4-Dichloro-1-phenyl-1-butene 


PROBLEM 
16-4 


PROBLEM 


16-5 


PROBLEM 


16-6 


PROBLEM 


16-7 
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Br Br 


C,H;CH=CHCH=CHC,H, + Br, — CsHs;CH=CHCHCHC,H; 
1,4-Diphenyl-1,3-butadiene 3,4-Dibromo-1,4-diphenyl-1-butene 


a Draw structural formulas for all the possible products of chlorine 
addition to 1-phenyl-1,3-butadiene. 


b Account for formation of the same single product by kinetic and 
equilibrium control in this reaction. 


Conjugated alkenes are usually more reactive than their nonconjugated 
isomers, yet we know that conjugation is a stabilizing factor. Here again we 
see that it is important to differentiate between reactivity (a kinetic phenome- 
non) and thermodynamic stability. Conjugation generally has a greater stabi- 
lizing effect on a reaction intermediate than on the ground state of a molecule. 
That is because most intermediates are charged or free-radical species which 
benefit from electron delocalization more than do their reactant precursors 
(Sec. 7-2). The transition state leading to those intermediates usually benefits 
also, so that the activation energy of the reaction is therefore decreased rela- 
tive to that of a nonconjugated model compound. 


Show the chemical equations for the addition of 1 mol of chlorine to 
1,3-pentadiene and to 1,4-pentadiene. Use a single graph to draw the 
energy profile diagrams and compare relative activation energies. 


Draw the important resonance structures for the carbocation obtained 
when a proton adds to 1,3,5-hexatriene. Comment on why the interme- 
diate might be stabilized relatively more than the starting material. 


Write the chemical equation for each of the following reactions: 
a 2-Methyl-1,3-butadiene + Br; a (one product) 


b 2,3-Dimethyl-1,3-butadiene + HBr —> (one product) 


с 1,3,5-Hexatriene + Br, НОА (two products) 


а 1,3-Cyclohexadiene + Br, чол, (one product) 
CH,OH 


e 1,3-Butadiene + CH,OH + Cl, aay (two products) 
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16-2 Double Bonds Conjugated with Carbonyl 


Groups 


Alkenes normally undergo reactions with electrophiles. We attributed 
that to the availability of the pi electrons of the carbon-carbon double bond 
(Sec. 15-1). In contrast, reactions at carbon atoms of carbon-oxygen double 
bonds generally involve nucleophiles. The polarity of the carbonyl bond pro- 
vides a rationale for those latter results (Sec. 8-1A). 

What reaction characteristics might we expect if both a carbon-carbon 
double bond and a carbon-oxygen double bond were components of the 
same molecule? Reactions of the nucleophile phenylmagnesium bromide 
with two different unsaturated carbonyl compounds illustrate extremes in the 
possible pathways. 


] 
C;H,CH—CHCH,CH;CGH, + C,H,MgBr D s 
3 


1,5-Diphenyl-4-penten-1-one Phenylmagnesium bromide OH 


| 
CgH,CH=CHCH,CH,C(C,Hs), 
1,1,5-Triphenyl-4-penten-1-ol 


[9] 
| 1) E,0 ] 
СЫНЬСН--СНССЬНЬ + CH;MgBr 375. (СЬНУ,СНСН.ССЬН, 
1,3-Diphenyl-2-propen-1-one *" 133-Tüphenyl-I-propanone 
(Chalcone) 


Reaction of the pentenone follows the expected pathway, i.e., addition 
of the Grignard reagent to the carbonyl group (Sec. 8-5C), a 1,2-addition. The 
carbon-carbon double bond does not react. In contrast, 1,3-diphenyl-2- 
propen-1-one undergoes nucleophilic addition to the carbon-carbon double 
bond. This reaction, an example of 1,4-conjugate addition, is characteristic of 
many a,f-unsaturated carbonyl compounds. 


. The Mechanism of Nucleophilic Conjugate Addition 


Conjugation provides a means by which the electronic characteristics of 
a functional group can be transferred along a carbon chain (Sec. 7-4). In the 
case of an a, B-unsaturated carbonyl compound, the electrophilic nature of the 
carbonyl carbon atom is extended to the B-carbon atom by the carbon-carbon 
double bond, a vinyl group. A normally nucleophilic alkene becomes electro- 
philic. Reactions which occur at atoms remote from the dominant functional 
group because there is conjugation through vinyl linkages are often called 
vinylogous reactions. 


PROBLEM 
16-8 


PROBLEM 
16-9 


PROBLEM 


16-10 


PROBLEM 


16-11 


16-2 Double Bonds Conjugated with Carbonyl Groups 583 


Draw a diagram to illustrate the interaction of p orbitals in an o, f- 
unsaturated carbonyl compound. 


Provide an explanation for the difference in dipole moments between 
propanal and 2-propenal. 


CH,CH,CHO CH,—CHCHO 
= i > 


270 30D 


A mechanistic picture of the conjugate addition reaction now becomes 
clear. The B-carbon atom is the electron-deficient end of the conjugated sys- 
tem. Electron density from the nucleophile is accommodated by the carbonyl 
oxygen atom during the bond-forming process just as it was in the addition to 
an isolated carbonyl group (Sec. 8-1B). The product of addition is a resonance- 
stabilized enolate anion similar to that formed in ester condensation reactions 


(Sec. 12-3). 


2 
я 
-u 
у 
СҮ 
+ 
Е 
C 
(= 
E» 
CY 


It is common to refer to these as 1,4-additions even though the overall 
conversion involves a 1,2-addition to the carbon-carbon double bond. The 1,4 
designation indicates that additions do take place at the ends of a four-atom 
conjugated system. The product isolated, however, results from tautomeriza- 
tion of that adduct. 


Propose a mechanism for the reaction of phenylmagnesium bromide 


with 1,3-diphenyl-2-propen-1-one. 


Account for the observation that the base-promoted hydrogen-deute- 
rium exchange of 2-butenal takes place at the carbon atom gamma to 


the carbonyl group. 
CH,CH—CH—CHO Ww CD,CH—CH—CHO 
2 
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PROBLEM 
16-12 


The addition of НС! to 3-buten-2-one yields 4-chloro-2-butanone. Ac- 


count for the formation of this anti-Markovnikov product. 


B. Conjugate Additions in Synthesis 


The carbonyl groups of aldehydes and ketones are only one kind of 
substituent which can activate compounds toward conjugate additions. Oth- 
ers include esters, amides, nitriles, and similar electron-withdrawing groups. 
The conjugate additions of a carbanion, or its equivalent, to these types of 
substrates are commonly known as Michael reactions. Michael reactions are 
widely used in organic syntheses as a method for forming carbon-carbon 
bonds. They are alkylation reactions in which the conjugated substrate is the 
alkylating agent. 


I qooque 
C;H,CCH—CHQGH; + CH,(CO,Et), — CH CCH,CHCH(CO, ЕУ), 
1,3-Diphenyl-2- Diethyl malonate Ethyl 2-carboethoxy-3,5-diphenyl-5- 
propen-1-one [s ud 
98' 


Il Il 
CH,CCH,CCH, + CH,—CHCN —E4&N/-BuOH , (CH,C),CHCH,CH,CN 
2,4-Pentanedione Acrylonitrile 4-Acetyl-5-oxohexanenitrile 
77% 


CH,(CO,CH;), + CH,—CH=CH—CH=CH—CO,CH, сы, 
Dimethyl malonate Methyl 2,4-hexadienoate а 
(Methyl sorbate) 


CH, 
(CH;O,C),CHCHCH—CHCH,CO,CH, 
Dimethyl écarbomethoyy 5-methyl-3-heptened ioate 

7: 


(A 1,6-addition) 


Enolate anions are among the most common nucleophiles used in Mi- 
chael reactions. They provide a route to 1,5-dicarbonyl compounds. Since the 
process regenerates base, only a catalytic quantity is required to form the 
enolate and promote addition. Weak amine bases are often used to minimize 
competing reactions. Equilibrium favors the products since saturation of the 
carbon-carbon double bond is thermodynamically favorable. 


о 
" ) т I 
EtOH = 
CH(CO;C; Hj), + NH сн(со;с,н,) +( Мн, Cie-cu-cm 


Diethyl malonate Piperidine 
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2. 
| = 
CH4C—CH—CH;CH(CO;C;H5), 


í К 
| + Мн, === 
:О:- 


| 
сн,С=СнН—СН,СН(СО,С,Н,)„ 


[9] 


| 
CH,CCH,CH,CH(CO,C;Hs)2 + NH 
Ethyl {сисе ошар 
71 


PROBLEM Ethyl 2-carboethoxy-5-oxo-3,5-diphenylpentanoate can be prepared by 
16-13 the Michael reaction of A and B or C and D. Assuming that all reactants 
were equally available, which synthetic pathway would be preferred? 

| 
C,H;CH=C(CO,C,H;), + C,H,CCH; 
A B C,H, 


о 
pe C,H, CH, CHCH(CO,CH)), 


Ге) 
| 
C,H,CH—CHÜC,H, + CH(CO,C, Hj), 
С D 


PROBLEM Suggest a mechanism for each of the following reactions: 
16-14 каосун, 
а CH,(CO,C;H;), + СН,=СНСМ "GRO? 


(H,C,0,C),CHCH,CH,CN 


H,O+ 
b “№ + CH,CH—CHCO,CH, ——> 


D qe 
CHCH,CO,CH, 
" 
С» 
NaOEt 
c HCHO + 2СН,(СО,С,Н,), eds 


(H,C,0,C), CHCH,CH(CO,C,H,), 
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OCH, о CoH NH о 
а сн, снёсн, + C,H,NH, => сн,с=снєсн, + CH,OH 


e CH,OCH=C(CO,CH,), + NH,OH —> 
„со,сн, 


+ 2CH,OH 


Conjugate addition has been used extensively for the formation of cyclic 
structures in the synthesis of many natural products. The reaction, known as 
the Robinson annelation (ring formation), is a 1,4-conjugate addition fol- 
lowed by an aldol condensation and dehydration. Robert Robinson was 
awarded the Nobel prize in chemistry in 1947 for his contributions to the 
synthesis of natural products. 


сн, о 
+ сн,=снбсн, консњон, son 
о CH, 
CH о 
ы, | (NH 
CH,CH,C—CH, = 
o К О 
осн, ris 
CH, 
Е NaOEt/EtOH 
Ноо 
OCH; OCH, 


CH, FUR mem ЕН (TN 
HY 
em p 


Although the synthetic utility of conjugate additions may be limited by 
formation of both 1,2- and 1,4-addition products, a careful choice of the nucle- 
ophilic reagent will often ensure that one reaction pathway is favored. For 
example, Grignard reagents commonly undergo 1,2-addition to simple а,В- 
unsaturated aldehydes, whereas similar reaction with the corresponding ke- 
tones leads predominately to 1,4-addition. Organolithium nucleophiles favor 
1,2-addition. 
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он сн, 
CH,CH=CHCHO + C,H;MgBr ae CH,CH=CHCHCG,H, + CsH;CHCH,CHO 
2-Butenal ) Hs 1-Phenyl-2-buten-1-ol 3-Phenylbutanal 
90% <1% 
H CH, O 
= 1) EO 
CH,CH=CHCCH, + C,H,MgBr -— CH,CH-CHCGH, + C,H,CHCH,CCH, 
CH, 
3-Penten-2-one 2-Phenyl-3-penten-2-ol 4-Phenyl-2-pentanone 
«195 37% 
1) C,H;MgBr/Et,O 
scm «19 94% 

j [s 7 
C,H,CH—CHCCH; CsH;CH=CHC(C,H,), + (C; Hg), CHCH,CC;H; 
1,3-Diphenyl-2- 1,1,3-Triphenyl-2- 1,3,3-Triphenyl-1- 
ргореп-1-опе propen-1-ol propanone 

1) CoHjLi/CoH 
PLO 75% 13% 


The use of organocopper reagents (Sec. 11-7C) appears to give an almost 
exclusive 1,4-addition. Often a catalytic quantity of a cuprous salt added to a 
Grignard reagent is sufficient to accomplish the desired reaction. In some 
cases the lithium dialkylcuprate is prepared independently. 


CH,Mgl/CuCI/THF H. 

or 3 
CH; (CH), CuLi/THF CH; 

3-Methyl-2-cyclohexenone Pri Dimetb vicyeiphexanone 


CH, O 


| 
(CHj,C—CHCCH, + LiCu(CH=CH,), 2 zm CH,—CH ¢ CH,CCH, 
3 
CH, 


4-Methyl-3-penten-2-one MED E 
72 


PROBLEM Which two reactants would produce each of the following products by 
16-15 a conjugate addition reaction? 


Ге) c (CH,O,C),CHCH,CH,CO,CH, 
CH, 


CHCH,COCH, CN 


о 
b (CHj;NCH,CH,CN Ó 
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16-3 Pericyclic Reactions 


The synthesis of cyclic compounds can be accomplished by a variety of 
methods. In preceding chapters we have encountered ring-forming reactions 
involving nucleophilic additions and substitutions at both saturated and un- 
saturated carbon atoms. АП these reactions were described in terms of step- 
wise or concerted ionic processes. 

Another group of ring-forming reactions involves the cyclization of one 
or more unsaturated compounds by a one-step, concerted pathway. This 
group of reactions, of which the Diels-Alder reaction is the most prominent 
member, seem to proceed with little, if any, ionic or free-radical character. 
They are classified as pericyclic reactions. 


. The Diels-Alder Reaction 


In the simplest example of the Diels-Alder reaction, ethylene (an alkene) 
reacts with 1,3-butadiene (a conjugated diene) to produce cyclohexene. AI- 
though this example of the cycloaddition reaction proceeds in rather low 
yield, it provides a model for the potential utility of the process. 


cH, 
CH, Aana 
la i | Tn sealed 
2 AH tube) 
CH, 
Ethyl 1,3-Butadi 
ne ry’ ed "n [e D add Seni 


The chemists Otto Diels and Kurt Alder recognized the versatility of this 
cycloaddition reaction in a series of studies first reported in 1928. They were 
awarded the Nobel prize for chemistry in 1950 for their work. 

The two reactants in the Diels-Alder reaction are termed the diene (a 
conjugated system of four pi electrons) and the dienophile (a conjugated 
system of two pi electrons). Double or triple carbon-carbon or carbon-hetero- 
atom bonds may be involved in the unsaturated linkages. Reactions can be 
considered as 1,2-additions to dienophiles or 1,4-additions to dienes. Al- 
though we will focus on the diene and dienophile components of the reac- 
tants, longer conjugated systems may be a part of each compound. Often a 
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diene may also function as a dienophile by reacting at only one of its double 


bonds. 
Zh 
n + | le] Benzene о 
HGy 100°C 
CH, Ò 
90% 


1,3-Butadiene Maleic anhydride 


о 
e 
EO 
Ó Ó 
Furan Maleic anhydride =100% 
ED + CH,=CHCHO 29° 
25°С 
CHO 
Cyclopentadiene Acrolein 95% 
сень 
AH COH; Сен, 
d. d ps CO,C,H, 
ры HE 
Nu i CO,C,H, 
| £O;CHs CH; 
C, Hs 
E,E-1,4-Diphenyl- 90% 


Diethyl 
1,3-butadiene ^ (transtrans) ^ acetylenedicarboxylate 


Although Diels-Alder reactions do not proceed through ionic intermedi- 
ates, substituents on the diene and dienophile do influence the rates of reac- 
tion. Dienes with electron-donating substituents and dienophiles with elec- 
tron-withdrawing substituents favor reaction. Table 16-1 lists some typical 
Diels-Alder reactants. 

Formation of a cyclic product imposes rather severe stereochemical re- 
strictions on the Diels-Alder reaction. The diene must have a spatial orienta- 
tion, known as s-cis (or cisoid), in which the double bonds are on the same 
side of the single bond connecting them. Most acyclic dienes can rotate about 
their central single bond so that even compounds with the s-trans orientation 
(transoid-double bonds on opposite sides of the single bond) can attain the 
requisite geometry. Cyclic diene substrates are already held in the s-cis form 
and therefore tend to be more reactive than their acyclic analogs. Since the 
cycloaddition is concerted, reaction takes place stereospecifically across one 


face of the dienophile. 
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CH. сн, |[> Ге) 
СН НС о 
| == || —= о 
HC, HC 
B3 B3 
CH, CH, © 
Transoid Cisoid 
(s-trans) (s-cis) 
a > —( ДА > 
о о 


Cyclopentadiene Maleic anhydride 


TABLE 16-1 Some Common Dienes and 
Dienophiles Used in Diels-Alder Reactions 


Dienes Dienophiles 
Q i 
o 


Cyclopentadiene 


[9] 
Maleic anhydride 


(NC),C=C(CN), 


1,3-Cyclohexadiene 
CH,=CH—CH=CH, 
1,3-Butadiene 
CH, CH, 
CH,—C— C—CH, 


2,3-Dimethyl- 
1,3-butadiene 


ini: 
CH,—C—CH—CH, 


Isoprene 


Tetracyanoethylene 


H;C,0,CC=CCO,C,H, 


Diethyl 
acetylenedicarboxylate 


p-Benzoquinone 
C,H,CH—CHCHO 
Cinnamaldehyde 
7 
C,H,CCH—CH, 
Benzoylethylene 


— 


PROBLEM 


16-16 


PROBLEM 


16-17 
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© 
CH, CO,CH, 2 
E-Dimethyl trans-4,5- 
butenedioate Dicarbomethoxycyclohexene 


(Dimethyl fumarate) 


Nine Diels-Alder products can be obtained when a mixture of 1,3- 
butadiene and 2-methyl-1,3-butadiene are heated. Draw structural for- 
mulas for each of these potential products. 


Predict the products of each of the following Diels-Alder reactions. 
Indicate configuration when it is appropriate. 


a CH,—CHCH—CH, + C,H;CH=CHNO, —> 


+ CH,CO,CH—CH, —> 


CH, о 


"A 
в CH,CH—CHC=CH, +H — 
H 
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PROBLEM 


16-18 


Provide an explanation for each of the following observations in rela- 
tion to the Diels-Alder reaction. 


a f») does not react as a diene. 


b 4-Methyl-1,3-pentadiene is a relatively unreactive diene. 
c When an alkyne is the dienophile, a 1,4-cyclohexadiene is produced. 


Diels-Alder cycloadditions to cyclopentadiene produce rigid bicyclic 
products. If the dienophile is a substituted ethylene, two configurational iso- 
mers are possible. When the substituent in the product is on the side of the 
molecule opposite the shortest bicyclo bridge (a methylene group in this 
case), the compound is said to have an endo configuration. If the shortest 
bridge and substituent are on the same side of the molecule, the product is 
exo. Diels-Alder reactions normally produce the endo product even though 
exo is usually the more stable isomer. 


i» + CH; CHCO;CH US) Ay + у 
CO,CH, 
0,CH, 


Methyl propenoate endo-Methyl bicyclo[2.2.1]- exo-Methyl bicyclo[2.2.1]- 
(Methyl acrylate) hept-5-ene-2-carboxylate hept-5-ene-2-carboxylate 
(Major product) 


endo-Bicyclo[2.2.1]- exo-Bicyclo[2.2.1]- 


hepta-5-ene-2,3-dicarboxylic hept-5-ene-2,3-dicarboxylic 
anhydride anhydride 
(Major product) 


The preference for endo product has been attributed to interaction be- 
tween the pi orbitals of the diene and the dienophile. One pi system lies more 
completely over the other in the transition state leading to endo product. This 
orientation provides a somewhat lower energetic pathway to the endo com- 
pared to the exo stereoisomer. 
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Diels-Alder reactions are reversible. Reaction conditions can often be 
chosen so as to favor reactants or product. For example, cyclopentadiene is 
normally obtained by the reverse Diels-Alder reaction of dicyclopentadiene. 
This Diels-Alder dimer, a viscous liquid, slowly forms from cyclopentadiene 
at room temperature. Cyclopentadiene, a volatile liquid, is distilled from the 


dimer on heating. 
Ста 


Dicyclopentadiene Cyclopentadiene 
(bp 170*C) (bp 41°С) 

Intramolecular Diels-Alder cyclizations can often accomplish formation 
of rather complex ring systems in a single step and with high stereoselec- 
tivity. For example, B was prepared by heating A as the key step in preparing 
a microbial metabolic product. 

о 


оо 


А B 


Because some Diels-Alder reactions proceed at ordinary temperatures, 
the process has even been suggested in the biogenetic pathways to various 
natural products. The plant pigment lanchnanthocarpone may be formed 
from the intramolecular cyclization of the ortho-quinone D. Periodate oxida- 
tion of C is sufficient to promote this reaction in the laboratory. Subsequent 
reduction produces the desired product. 


OH Q 
HO. О. 
e Ca NalO, Dienophile 25°С, 
— 
| | Uren 
A 27 
о [9] 
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PROBLEM 


16-19 


[9] OH 
Lanchnanthocarpone 


Which diene and dienophile combination will produce the following 
Diels-Alder adducts? 


CH, 


A 


CO,C,H, 


LAT 


CO,C,H, 
[o d [ 
CH, H 
c 
CH, n 9 è 


о 
`/ 
СО,СН, 
‚о, £v 
N N 
i95 55 
о 


о 


А process related to the Diels-Alder reaction is 1,3-dipolar addition. 
Reactions involve the combination of a 1,3-dipolar compound with a 
dipolarophile. The process is stereospecific and is believed to proceed in a 
concerted manner. 1,3-Dipolar additions are often used to prepare heterocy- 
clic compounds. 
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лоба: 
: CH, —N=N : 
L—N—N N 
+ CH,=CHCO,GH, £22 N 
= + 
:CH,—N=N: 
$ CO,C;H; 
Diazomethane Ethyl propenoate 3-Carboethoxydihydropyrazole 
А 13 dipole (Ethyl acrylate) 80% 
A dipolarophile 
C,H; —-N—N=N* 
СН Ns, 
| + C,H,O,CC=CCO,CH, SH, HSN N 


е жб! -= 
CH; —N—N=N 
ар C;H,O,C CO,C;H; 
Phenyl azide Diethyl butynedioate 4,5-Dicarboethoxy-3-phenyl-1,2,3-triazole 
(Diethyl acetylenedicarboxylate) 87% 


B. Orbital Symmetry Control of Pericyclic Reactions 


The synthetic utility of the Diels-Alder reaction has encouraged much 
study and speculation as to the reaction mechanism. Often, the simplest ap- 
proach to formulating the process is to envision a concerted reorganization of 
sigma and pi bonds in a six-electron six-membered cyclic array known as the 


aromatic transition state. 
Z | 
% 


Chemists presumed that concerted cycloaddition reactions must some- 
how involve a favorable interaction of the molecular orbitals of reactants as 
bonds are made and broken. Many people contributed to an understanding of 
the processes, but it was Robert Woodward and Roald Hoffmann who, in 
1965, suggested a practical approach to interpretation of the Diels-Alder and 
other pericyclic reactions. In 1981 Roald Hoffmann and Kanichi Fukui shared 
the Nobel prize in chemistry for their contributions to this theory. 

The essential feature of Woodward and Hoffmann's proposal is that, 
during these concerted reactions, the participating molecular orbitals of the 
reactants pass smoothly into molecular orbitals of the products. The processes 
in which symmetry characteristics of reactant and product orbitals correlate 
will be favorable. This conceptual approach, known as the conservation of 
orbital symmetry, or simply the Woodward-Hoffmann rules, has had a very 
significant influence on the rationale for many chemical reactions. 

To apply the Woodward-Hoffmann rules, we must first consider the 
orbitals of the reactants and products which are involved in the reaction. In 
Sec. 2-5 we saw how the interaction of atomic orbitals can lead to both bond- 
ing and antibonding molecular orbitals. A common way to approximate the 
molecular-orbital picture of a conjugated system is to depict a p orbital at each 
atom. Each orbital lobe is designated by the mathematical sign (+ or —) de- 
rived from the quantum-mechanical equations. Recall (Sec. 2-5) that there will 
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be as many molecular orbitals as there are interacting atomic orbitals. The pi 
system of butadiene, for example, has four molecular orbitals—two bonding 
and two antibonding— derived from the overlap of four p orbitals. Such mo- 
lecular-orbital pictures for C; through С, systems are illustrated in Fig. 16-2. 

An examination of Fig. 16-2 indicates some generalizations that are of 
importance in working with the orbital symmetry methods. 


1 For any given set of molecular orbitals the relation between the mathemati- 
cal signs of the orbital lobes at the terminal atoms alternates as orbitals 
increase in energy. The relations for the upward lobes for the atoms at the 
ends of the C; system are, for example, ++, +—, ++. 


FIGURE 16-2 


7-Molecular orbital depiction for two-atom to six-atom chains. Heavy dots in cer- 
tain odd-numbered orbitals represent orbital lobes out of the plane of the other 
lobes. (S and A are symmetry designations relative to a plane or axis as discussed 
following the figure.) 


\ 
f 


388809 


Surpuoqnuy 
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2 A vertical mirror plane at the center of each orbital diagram will alternate 
between a symmetrical (5) and an antisymmetrical (A) reflection of the 
signs of the p-orbital lobes as the molecular orbitals increase in energy. For 
the C; system this is S, A, S. 


Symmetrical mirror plane 


3 Rotation of the molecular orbital 180* about an axis at the center and per- 
pendicular to the diagram (a twofold axis) will result in an identical or 
nonidentical p-orbital picture. Those two possibilities represent a symmetri- 
cal (S) or antisymmetrical (A) axis, respectively, and alternate as orbitals 
increase in energy. 


180° rotation 


Antisymmetrical twofold axis 


PROBLEM Confirm the assignments for planes and axes of symmetry for the six 
16-20 molecular orbitals of the Ce example in Fig. 16-2. 


C. Orbital Symmetry Methods 


Many methods are employed for the application of orbital symmetry 
analyses to pericyclic reactions. Two common approaches are the HOMO- 
LUMO (ог frontier orbital) and the correlation diagram methods. А third 
approach—the Móbius-Hückel method—will be discussed in Chap. 26. 

The HOMO-LUMO method emphasizes the orbitals most likely to inter- 
act during the reaction. These are the highest energy occupied molecular 
orbital (HOMO) of one reactant and the lowest energy unoccupied molecular 
orbital (LUMO) of the other. "Occupied" or “unoccupied” refers to the pres- 
ence or absence of electrons in the particular molecular orbital. The criteria we 
learned in Sec. 2-5A for assigning electrons to molecular orbitals are used to 
decide if an orbital is occupied or unoccupied. 
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PROBLEM 
16-21 


Indicate the electron configurations for the allyl cation, free radical, 
and anion: 


CH,=CH—CH,  CH,-CH—CH, | CH,—-CH—CH, 


As an example of the HOMO-LUMO method, consider the Diels-Alder 
reaction between ethylene and 1,3-butadiene. Assignment of the two pi elec- 
trons of ethylene and the four pi electrons of 1,3-butadiene to the appropriate 
molecular orbitals results in electron configurations in which the bonding 
molecular orbitals of both reactants are fully occupied and the antibonding 
orbitals are unoccupied (Fig. 16-3). As the HOMO we will use the y molecu- 
lar orbital of the diene and as the LUMO, the y molecular orbital of the 
dienophile. Because of the alternating property of the lobe signs in different 
orbitals, the choice of уз as LUMO and yj as HOMO will give qualitatively the 
same result. 

The HOMO and LUMO are brought together (conceptually) to deter- 
mine how the signs of the terminal lobes correlate. Bonding is favorable 
when orbital lobes of identical mathematical sign combine, that is, + with + 


FIGURE 16-3 
Orbitals and 
electron configu- 
rations for ethyl- 
ene and 1,3- 
butadiene. 


= 
| 


m og 
Ii gi 


1,3-Butadiene Ethylene 
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FIGURE 16-4 
Favorable inter- 
action of orbit- 
als in the Diels- 
Alder reaction 


using the HOMO- 


LUMO method. 


PROBLEM 


16-22 


We of diene 5 of dienophile 
(HOMO) (LUMO) 


or — with —. We see that the Diels-Alder reaction is an energetically favorable 
(“allowed”) reaction in regard to molecular-orbital correlation (Fig. 16-4). 

Figure 16-4 depicts interaction between the LUMO of ethylene and the 
HOMO of the s-cis conformation of 1,3-butadiene. That is the geometrical 
requirement for the Diels-Alder reaction (Sec. 16-ЗА). Bond making takes 
place on only one face of the diene and on one face of the dienophile in the 
concerted process. This spatial arrangement is termed suprafacial. Since both 
the diene and dienophile undergo suprafacial bond making, the process is 
designated suprafacial-suprafacial. A cyclohexene product forms without 
any geometrical restrictions, and the total process is energetically favorable. 


Carry out a HOMO-LUMO orbital symmetry analysis of the Diels- 


Alder dimerization of cyclopentadiene. 


The Diels-Alder reaction is known as a [4+2] cycloaddition because a 
four-electron system (the diene) and a two-electron system (the dienophile) 
react. Other cycloaddition combinations also are possible. Let us consider the 
reaction between two ethylene molecules to form cyclobutane—a [2+2] 
cycloaddition. 


fee 
GHEE тсн; 


The HOMO-LUMO approach utilizes the yı molecular orbital of one 
ethylene molecule (HOMO) and the y of the other (LUMO). The process of 
bond-making between orbital lobes of identical sign is illustrated in Fig. 16-5. 

In order to maintain energetically favorable symmetry correlation be- 
tween the orbitals of the two reactants, one molecule would be required to 
react in a suprafacial configuration while the other formed bonds on its oppo- 
site sides, that is, in an antarafacial manner. The required molecular geome- 
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FIGURE 16-5 
HOMO-LUMO 
orbital correla- 
tion in the (2 + 2) 
cycloaddition. 


PROBLEM 
16-23 


or 


HOMO LUMO 


try is unreasonable, and the reaction does not proceed. Stated in another 
way, the geometrically feasible suprafacial-suprafacial [2+2] cycloaddition 
reaction is symmetry "forbidden" and thus energetically unfavorable. The 
practical result of these geometric and symmetry considerations is that con- 
certed, thermal [2+2] cycloadditions do not normally take place. 


Predict which of the following will be favorable concerted thermal 
processes. 


Ko 
а 2CH=CHC —> p 
H O^ "CHO 


cl 


b + CH,=C=CH, — f 
CI CI с 
c “cl cl 


a RA A UT 


QAD 


PROBLEM 


16-24 
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O- 
\ 


f Discuss the results in Prob. 16-234 and e. 


The HOMO-LUMO method relies on the assumption that bond forma- 
tion between orbital lobes of the same mathematical sign is energetically fa- 
vorable. Another approach to orbital symmetry analysis involves correlation 
of the geometrical symmetry of orbitals between reactants and products. A 
correlation diagram is developed to compare these symmetry characteristics. 

Again consider the Diels-Alder [2+4] cycloaddition. As the diene and 
dienophile approach and ultimately form a cyclohexene, a plane of symmetry 
is maintained. We therefore examine the symmetry properties of the molecu- 
lar orbitals of reactants and product in relation to that same element of sym- 


metry, a plane. 


There are six molecular orbitals for the reactants: one bonding and one 
antibonding ethylene orbital and two bonding and two antibonding butadi- 
ene orbitals. Figure 16-6 records the symmetry properties relative to a plane 
for the orbitals. 

Six molecular orbitals also must be considered for the cyclohexene prod- 
uct. They are the bonding and antibonding orbitals for the two new sigma 
bonds and the pi bond. The molecular orbitals of reactants and products are 
arranged on the correlation diagram (Fig. 16-6) in order of increasing energy. 
Symmetry or antisymmetry is indicated, as are the electron configurations. 

Correlation is indicated by lines connecting occupied orbitals of identi- 
cal symmetry (that is, A with A and S with S). Because the bonding orbitals 
of the diene and dienophile correlate with bonding orbitals of the cyclohex- 
ene, the process depicted as a suprafacial-suprafacial [2+4] cycloaddition is 
symmetry-allowed and energetically favorable. 


Develop the correlation diagram for the suprafacial-suprafacial thermal 
conversion of two molecules of ethylene to cyclobutane. Does the dia- 


gram predict that this is a symmetry-allowed or a symmetry-forbidden 
reaction? 
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FIGURE 16-6 | т 
Correlation dia- 1 | 

gram for the | | р n 
Diels-Alder reac- А 1 S Wis | 5 

tion showing | | 

electron configu- | 6 

rations and or- i 


bital symmetry 
relative to a =т= 


plane. l | 
^ 9:9 — s 


Bonding 
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d | 4 


Reactants Product 
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Other applications and methods of orbital symmetry will be considered 
in later chapters. We will see that the course of many molecular rearrange- 
ments can be analyzed using this approach (Chap. 26). The observation that 
concerted photochemical reactions may proceed by a stereochemical course 
opposite to that of thermal reactions provides a very interesting application of 
orbital symmetry (Chap. 27) theory. The theories of pericyclic reactions are 
surely among the more important developments of mechanistic organic 
chemistry in recent years. 


Summary 


. The Chemistry of Conjugated Compounds 


The unsaturated bonds of conjugated compounds react in a manner 
which can be somewhat different from the way that isolated multiple bonds 
react. Conjugation allows the electronic characteristics of one part of the mol- 
ecule to be transferred to other atoms. Unsaturated compounds that differ by 
one or more vinyl groups are often referred to as vinylogs, since each addi- 
tional unsaturated bond extends the reaction center further along the molecu- 
lar chain. 

Carbon-carbon double bonds in conjugation with a carbonyl group take 
on the electronic characteristics of the carbon-oxygen double bond. Nucleo- 
philes add to the B-alkene carbon atom as the electronegative carbonyl oxy- 
gen atom accommodates the additional electron density. Addition across the 
1,4 atoms of an a, B-unsaturated carbonyl group is known as conjugate addi- 
tion. In some cases 1,2-addition to the carbonyl group competes with the 
1,4-addition reaction. 


о :О:- :0:- 
N ус Nu- occ 4 0 c фк 
mp » Nu ч 
ETT | | ЛДА) 
| 
но OH 
E. ls sd SS | 
ета ва C-C-C—Nu 
[E v ЖАЙ 
1,4-Addition 1,2-Addition 


Conjugated dienes and polyenes retain the nucleophilic nature of an 
alkene, but they can undergo reaction at various atoms along the unsaturated 
system. Resonance stabilization of reaction intermediates and transition 
states becomes an important factor in controlling rates and directing reaction 
pathways. 

Unsaturated compounds are the reactants in a class of ring-forming 
cycloadditions known as pericyclic reactions. The reactions follow a con- 
certed, stereospecific pathway. The essential feature of these reactions is a 
simultaneous overlapping of the participating bond orbitals such that orbitals 


604 Additions to Conjugated Compounds 


of the reactants pass smoothly into the orbitals of the product. Correlation of 
the symmetry of the interacting orbitals provides a basis for understanding 
and predicting the course of the reactions. 


B. Reactions of Conjugated Compounds 
Addition to dienes (Sec. 16-1) 
a 1,2-Addition 


хх 
те. 7+7 
b 1,4-Addition 
x X 
alid se di dod 


1,4-Addition to a,B-unsaturated carbonyl compounds (Sec. 16-2) 
a The Michael reaction 


= м 
b The Robinson annelation 
22 
+ —— 
О еј 


Pericyclic reactions (Sec. 16-3) 
a The Diels-Alder cycloaddition (Sec. 16-3A) 


б oi 


b 1,3-Dipolar cycloaddition (Sec. 16-3A) 
at 
fs + уре TI» 
d c 
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16-25 Predict the major product in each of the following chlorination reactions using 1 mol of 
chlorine. 


16-26 
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OCH, 
CH,CH=C—CH,—CH=CH—CH, ©, 


CH,CH: са CH=CH—CH, ©, 


= 


CH,CH—CHCH,CH,CH—CHCO,H Cs, 


a 


а CH,=CHCO,CH,CH=CH, Cs, 


Q 
* 


с, 


в сн,сн,сн,сн=снс/ 
“мнсн,сн=сн, 


Suggest а mechanism for each of the following reactions. 
а CH,CH=CHCH,CO,H —4> CH,CH,CH=CH, + CO, 


b + CH,CH=CH—CH=CHCH, 2E, 7 


fe] осн, 
c (CH,),C=CHCH,CH,C(CH,)=CHCHO ^№9Н/ о, 
(CH,);C=CHCH,CH,COCH, + CH,CHO 


d BrCH,C=CCH,Br + Zn -“°Н» cH,—C=C=CH, + ZnBr, 


e CH,CH=CHCH=CHCO,C,H, +*H;C,O,CCO,C,H, AM DP 


QH 
H,C,O,CC—CHCH-—CHCH-CHCO,CH; 


ZnCl, 
CH, 


сн сн єн сн, 
b өг SALA PS OCH, COCH, 
+ 
сн; о о 


f (CH,),C=CHCOCH, + CH,COCH,CO,C,H, 
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16-27 


16-28 


16-29 


16-30 


CH, 
О ти сн; 
8 + xS 
О 
OH (у 


Diketene 


Suggest an explanation for the observation that acid-catalyzed hydration of the 
carbon-carbon double bond in CH3CH=CHCH,OH is slow, whereas the similar reac- 
tion of CH;CH=CHCHO is very fast. 


Fill in the missing reagents and compounds in the following synthesis route to 
cyclooctatetraene. 


Ona с Dora 1) сни 1) сни 
2 B 2) Neutralize 2) Ag,O 2) Ag,O 
excess acid ЗА ЗА 


Br 
uoo 
d». | И и 
Вг 


The reversibility of the Diels-Alder reaction can be taken advantage of to synthesize 
some rather interesting compounds. Each of the following involves a sequence of a 
Diels-Alder cycloaddition followed by a reverse (retro) Diels-Alder reaction. Use 
mechanistic arrows to show the bond-making and -breaking processes. 


ПА M. 1) EO 
a 2 m + CH,O,CC=CCO,CH, уни» 
ЗА 
CH,O,C, со,сн, 


+ CH,—CH, 
сн; CH, 


b Qu + CH,O,CC=CCO,C,H, -А> 
COCH, 
Cx m [>-<o.cx, 
CO,C,H, 


When an equimolar mixture of formaldehyde, acetone, and ethyl acetoacetate is al- 
lowed to react with a weak base, compound A is obtained in good yield. Use structural 
formulas to trace the pathway of this process. 


CO,CH; 


9 о CH, 
CH,CCH,CO,C,H, + HCHO + CH,CCH, Вее 
A 
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16-32 


16-33 


*16-34 
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Carry out an orbital symmetry analysis to determine if each of the following thermal 
transformations is allowed or forbidden. 


a ( deeem 0) 


CH. MDM 
b C;H,—N, + HC=CCO,CH, —*> N ù 


CO;CH; 


The insecticides Aldrin and Dieldrin are prepared by similar synthesis pathways using 
cyclopentadiene, hexachlorocyclopentadiene, and vinyl chloride plus necessary rea- 
gents. Suggest a synthesis for each of these compounds. 


CECI 


CL Cl 
CI 
а 
а E Cl 
Aldrin Dieldrin 


Suggest a synthesis sequence for each of the following transformations. 


HO, CHOH 
a iyd from maleic anhydride and 1,3-butadiene 
HO CH,OH 


CO,H 
CO,H 


b from cyclopentadiene 


CH,CO,H 
CO,H 


2 
© ded from er and other compounds 
О 


СНз CH; 
| 
а from (CH;,C—CHCCH, and diethyl malonate 
О o 


A compound CjoH;,0, takes ир 1 mol of hydrogen on catalytic hydrogenation. Its UV 
absorption maximum is at 236 nm (e = 2 х 10*), and the IR spectrum shows character- 
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istic absorptions at 1667 ст! (6.0 um), 1620 ст”! (6.2 um), and a strong broad peak 
at 1100 стт! (9.1 um). The ‘H-NMR spectrum shows peaks at the following chemical 
shift (ppm) positions: 1.0 (t, 3; J = 7 Hz), 1-2 (m, 6), 2.4 (s, 3), 3.2 (q, 2; J = 7 Hz), 4.8 
(t, 1), 6.2 (t, 1). Propose a structure for the compound. 


The reaction between compound A (С;Н,00) and compound B (C3H,O) in warm 


*16-35 
aqueous sodium hydroxide gives compound С (C4H;4O). Compound C has character- 
istic IR peaks at 1700 cm ^! (5.9 um) and 1640 cm“ (6.1 um) and a strong UV absorp- 
tion at 227 nm (e > 105). The ‘H-NMR spectrum is shown in Fig. 16-7. 
a Identify compound C. 
b Account for its formation from A and B. 
FIGURE 16-7 500 400 300 200 100 0 Hz 
!H-NMR spectrum 
for Prob. 16-35. HHH 
8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0 6-ppm 


*16-36 Treatment of 4-tert-butylcyclohexanone with the following sequence of reagents forms 


*16-37 


a mixture of products in which A predominates. 
1) HCN 


2) noe 
CH;Li Е 
(CH3,C D 3 > А + others 


4) H,O+ 

5) CH,—CHMgBr/CuBr,/THF 

6) н,0+ 
A has a small mass spectral molecular ion at m/z = 208, base peak at m/z = 43, and 
another significant peak at m/z = 57. Its IR spectrum shows characteristic absorptions 
at 1715 ст”! (5.85 um) and 1640 cm" (6.10 um). The ‘H-NMR spectrum exhibits two 
broad multiplets: one centered at 5.4 ppm (3), one centered at 1.7 ppm (12) which 
includes an apparent sharp singlet peak at 2.0 ppm, and a singlet at 0.9 ppm (9). 
Identify A and outline the reactions by which it is formed. 


Steam distillation of leaves from a Santolina plant species produced an oil which could 
be purified by gas chromatography to give a pure liquid, bp 180-182°C. Elemental 
analysis showed the presence of only C, H, and O, and combustion gave a composi- 
tion of C = 78.90% and H = 10.60%. Mass spectral analysis showed the molecular 
ion at m/z = 152, and the UV spectrum showed Amax = 238 nm (e = 2 x 105. Char- 
acteristic IR absorptions were observed at 1670cm ^! (5.99 шт) and 1630 cm~! 
(6.1 um). The H-NMR spectrum showed peaks at 1.2 ppm (s, 6), 1.9 ppm (s, 3), 
2.1 ppm (s, 3), and 4.9-6.2 ppm (m, 4). Identify the compound. 
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17-1 


Benzene, the parent aromatic compound, presented a puzzle to chem- 
ists of the nineteenth century. The molecular formula C&He, with its high 
carbon-to-hydrogen ratio, is indicative of a highly unsaturated structure. Yet 
benzene reacts with electrophiles considerably more slowly than do the usual 
alkenes or polyenes. Furthermore, the addition reactions typical of most al- 
kenes (Chap. 15) are not common with benzene and its derivatives. Substitu- 
tion reactions are characteristic of aromatic compounds. 


Br 


+ HBr 


Q + Br, FeBr, Bromobenzene 
Br 
Benzene 
Br 
5,6-Dibromocyclohexadiene 


Most of the reactions of aromatic compounds are classed as electrophilic, 
but we will also see examples of nucleophilic processes. The consequences of 
aromaticity (Sec. 7-4D), as reflected by physical properties and chemical reac- 
tivity, will be the common thread throughout this chapter. 


Characteristics of Cyclic Polyenes 


. The Structure of Benzene 


In Chap. 7 (Sec. 7-3A) we introduced the Kekulé structures for benzene. 
Although Kekulé structures are now universally used to represent benzene 
and related aromatic compounds, the apparent inconsistency between 
Kekulé's unsaturated structural representations and the low reactivity led to 
many other suggested structures for benzene. Two of the more interesting are 
the fully saturated Ladenberg benzene (prismane) and the Dewar benzene. 
In the 1960s—100 years after the Кекше proposal —compounds having the 


PROBLEM 


17-1 
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structures of Ladenberg and Dewar benzenes were synthesized. They are 


clearly not benzene. 
H H 
H. H н н 
H H H H 
H H 


Ladenberg benzene Dewar benzene 


One concern with the Kekulé representation was that two 1,2- (ortho) 
disubstituted isomers should exist, depending upon where the double bonds 


are located. 
CH, CH, 
Br Br 
or 


Ladenberg proposed the prismane structure in answer to that concern. In 
1872 Kekulé responded that only one ortho isomer had ever been observed 
because all of the ring positions in benzene are equivalent. He proposed that 
a type of oscillation of bonds takes place around the ring to give this equiva- 
lency. Today we recognize that the Kekulé structures represent a resonance 
hybrid (Sec. 7-3B). 

Kekulé also recognized that his structural formulas imply that substitu- 
tion reactions of benzene should give rise to two additional disubstituted 
products. Those were designated as the meta (1,3-disubstituted) and para 
(1,4-disubstituted) isomers. The existence of three isomers was indeed con- 
firmed experimentally, although their identification was often rather difficult. 


CH; CH, CH; CH; 
Br 
+ Br, ==» ey + а + 
Br 
Br 


Toluene ortho-Bromotoluene meta-Bromotoluene para-Bromotoluene 
(Methylbenzene) 


Korner developed a method for the identification of the ortho, meta, 
and para disubstituted benzene isomers based on their further substi- 
tution. One of the isomers gives only one trisubstituted benzene; one 


gives two trisubstituted benzenes; and one gives three trisubstituted 
benzenes. Show which of the disubstituted isomers fits each of these 


categories. 
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PROBLEM Draw structures for Ladenberg benzene (prismane) to show that only 
17-2 three disubstituted isomers are possible. 


B. Other Aromatic and Nonaromatic Cyclic Polyenes 


The class of aromatic compounds encompasses a much wider range of 
chemical structures than just benzene and its derivatives. Some compounds 
are composed of two or more benzene rings fused together. They are known 
as polycyclic aromatic compounds (Sec. 19-1). Inclusion of atoms other than 
carbon in the cyclic framework leads to the very large class of heterocyclic 
aromatic compounds (Sec. 19-2). 

In Sec. 7-4Е we considered the Hückel rule for aromaticity. We learned 
that cyclic polyenes possessing 4r -- 2 electrons in their conjugated systems 
have aromatic characteristics. Benzene and its derivatives have six delocalized 
electrons and и = 1. The polycyclic aromatic compound naphthalene has ten 
interacting electrons and п = 2. The heterocyclic aromatic compound pyrrole 
and its analogs involve the two nonbonding electrons on the heteroatom in 
the conjugated system to attain a Hückel electron configuration with n = 1. 


coe. 


Benzene Naphthalene Pyrrole 
4n+2=6;n=1 4п +2 = 10; п= 2 ап +2 = 6; п=1 


Three rather interesting charged compounds possess aromatic proper- 
ties consistent with their Hückel electron configurations. The electrons of 
those possessing a carbocation interact through an empty p orbital. The par- 
ticipating p orbital is filled in molecules involving a carbanion. One important 
requirement of the molecular-orbital description is that the atoms bound to 
one another in the conjugated system be planar or near to planar so as to 
allow for maximum overlap of the p orbitals bearing the 4n + 2 electrons. 


Tk + 
Q O 
Cyclopropenyl cation Cyclopentadienyl anion Cycloheptadienyl cation 
4n+2=6;n=1 4n+2=6;n=1 


4n+2=2;n=0 


PROBLEM Use our approximate p-orbital designations (Sec. 7-3) to draw the or- 
17-3 bital interactions for the cylopropenyl cation and cyclopentadienyl 
anion. 
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Cyclic conjugated compounds which possess only 4n electrons do not fit 
the Hückel rule and are nonaromatic. Small rings with 4n electrons are found 
to be destabilized relative to nonconjugated models. They are often said to be 
antiaromatic. The molecular-orbital diagram (Sec. 7-4E) for the cyclopropenyl 
anion illustrates an unfavorable configuration for the four interacting elec- 


trons (Fig. 17-1). 
+ 


м] Q 


Cyclopropenyl anion Cyclobutadiene Cyclopentadienyl cation 
4n=4;n=1 4n=4;n=1 4n=4;n=1 


FIGURE 17-1 

Molecular- d — Antibonding 
orbital energy 

diagram and 

electron configu- >| --------------- 

tation for 
cyclopropenyl 
anion. 


Bonding 
orbitals 


PROBLEM Predict which of the following compounds are classified as aromatic, or 
17-4 nonaromatic, based on the Hiickel rule. 
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PROBLEM 


17-5 


PROBLEM 


17-6 


PROBLEM 


17-7 


The following heats of hydrogenation were obtained for the conversion 
of cyclooctene and 1,3,5,7-cyclooctatetraene to cyclooctane. 


АН? (cyclooctene) = —23 kcal/mol (—97 kJ/mol) 


AH? (cyclooctatetraene) = —101 kcal/mol (—422 kJ/mol) 


Calculate the resonance energy of cyclooctatetraene. 


Provide an explanation for each of the following observations: 


a Cyclooctatetraene is found to exist in a tub shape rather than as a 
planar molecule. 


b In contrast, the dianion of cyclooctatetraene is planar. 


Cy 


€ Cyclooctatetraene has two different lengths for its carbon-carbon 
bonds, 1.35 À (135 pm) and 1.50 À (150 pm), whereas the cyclooc- 
tatetraene dianion has all bond lengths equal at 1.41 À (141 pm). 


Azulene, an isomer of naphthalene, is categorized as a nonbenzenoid 
aromatic compound. 


a From examination of its structural formula, why would you expect 
azulene to be aromatic? 


b Azulene has a dipole moment of 1.08 D. Draw resonance structures 
as a basis for assigning a direction to the dipole. 
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C. ММВ Ring Current 


The special interactions of the pi electrons in benzene and other aro- 
matic compounds give rise to an unusual result when the materials are placed 
in a magnetic field. When the 'H-NMR spectrum (Appendix) of benzene is 
examined, the resonance peak is observed to be at 7.3 ppm, downfield from 
that observed for alkenes. That deshielding is attributed to generation of a 
ring current, a circulation of the pi electrons induced by the applied magnetic 
field. The ring current, in turn, generates a small magnetic field which can 
shield or deshield the hydrogen atoms in the vicinity of the aromatic ring 
(Fig. 17-2). Hydrogen atoms located around the periphery of an aromatic 
system are normally deshielded. The detection of a ring current is a modern 
criterion used in support of aromatic character. 

The concept of ring current is clearly supported by the 'H-NMR spec- 
trum of the interesting conjugated cyclic polyene known as [18]-annulene. 
This compound conforms to the Hückel 4n + 2 rule (n = 4), and it is suffi- 
ciently close to planarity for effective conjugation. The 12 protons around the 
outer side of the molecule are deshielded to 8.8 ppm. The six "inner" pro- 
tons, however, are located in the shielding part of the induced magnetic field 
and lead to a resonance peak at —1.9 ppm; upfield from the tetramethylsilane 
(TMS) zero reference. 


[18]-annulene 


FIGURE 17-2 
Aromatic ring 
current and as- 
sociated mag- 
netic shielding 
and deshielding. 


Deshielding 
region 


Deshielding Shielding 


region 
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PROBLEM The large cyclic conjugated compounds known as annulenes have been 
17-8 synthesized to test the various criteria for aromaticity. The compounds 
are designated by the number of atoms in the conjugated system. (Ben- 
zene would be named as a [6]-annulene.) Which of the annulenes 
drawn below would you expect to exhibit aromatic character? 


SER 


[14]-annulene [16]-annulene 


17-2. Mechanism and Orientation in Electrophilic 
Aromatic Substitution 


Three of the most common examples of aromatic substitution are nitra- 
tion, halogenation, and acylation. 


Nitration 
NO, 
eet Doe 
Halogenation 
X 
О) +X, I, © + HX 
Acylation 


Nee 


С 


Jo 
+R ASS + на 
а 


A characteristic common to these reactions is the use of an acid catalyst. In 
nitration an acid stronger than nitric is employed. In the halogenation and 
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acylation reactions Lewis acids are generally used. These are experimental 
conditions typical of electrophilic processes. Let us see how a large variety of 
reactions might be accounted for by one general electrophilic substitution 
mechanism. 


А. An Addition-Elimination Mechanism 


It is not surprising to find that many reactions on aromatic rings are 
classified as electrophilic. The pi electrons, like those of simple alkenes, pre- 
sent an electron-rich region of potential reactivity. Electrophilic substitution 
on an aromatic ring has some similarity to the electrophilic additions dis- 
cussed in Chap. 15. The first step in both reactions is addition of an electro- 
phile to an unsaturated carbon atom of the reactant. 


Im 


SI 7 xe | 
рә + Y 
JS C +E — /© T E 


Electrophilic addition to an alkene 


Е 
+ Et —> 


Electrophilic addition to an aromatic ring 


But the similarity ends at this point. Whereas the carbocation formed from the 
alkene usually adds a nucleophile to give the product of overall addition, the 
intermediate generated from the aromatic substrate loses a cation and the 
product of substitution is formed. 


Alkene 


Aromatic 


Е.Н Е 
еў 
+ 
Ма; — + NuH* 


Here we see the role of aromatic stabilization in governing the pathway 
of a chemical reaction. A large amount of energy—the resonance energy— 
would be lost if addition rather than substitution took place on the benzene 
ring. Substitution is almost always the result of reactions (electrophilic or 
nucleophilic) on an aromatic ring. 
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PROBLEM 


17-9 


The addition of bromine to an alkene is exothermic by about 30 kcal/ 
mol (125 kJ/mol), whereas addition to benzene is estimated to be endo- 
thermic by about 2.5 kcal/mol (10 kJ/mol). 
i 
CH,CH=CH, + Br, —» СН.СНСН,Вг 


AH? = —30 kcal/mol (—125 kJ/mol) 


Br 
С) 
Вг 


AH? = 2.5 kcal/mol (10 kJ/mol) 
Account for this energetic difference. 


Support for the electrophilic classification of most aromatic substitution 
reactions is obtained by comparing the reactivity of various substituted ben- 
zene rings. Electron-donating groups enhance reactivity and electron-with- 
drawing groups decrease reactivity in a manner very similar to what we ob- 
served for simple alkenes (Sec. 15-1B). Thus we find that substitution on 
methoxybenzene (anisole) is faster than the same reaction on benzene, while 
substitution on nitrobenzene is slower than on benzene. 


OCH, NO, 
OO 


Considerable experimental data support a two-step mechanism for elec- 
trophilic aromatic substitution, that is, a sequence in which the initial electro- 
philic addition is followed by loss of an atom or group from the ring. In one 
rather important experiment designed to elucidate the timing of these two 
steps, a comparison was made between the rate of nitration of benzene and 
that of benzene labeled with the hydrogen isotope tritium. 

The nitration reaction normally involves substitution for a hydrogen 
atom by the nitro group. With the tritiated benzene as substrate, substitution 
for a tritium atom takes place. Since carbon-tritium bonds are broken more 
slowly than similar carbon-hydrogen bonds, the second step in the proposed 
mechanism would be slower for the tritiated compound. The kinetic experi- 
ment showed essentially no difference in rate when nitro teplaced hydrogen 
and when it replaced tritium. There was no significant kinetic isotope effect 
(Sec. 14-1A). 


ш 
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NO; 
С) + HNO,/H,SO, № С 
k 


uideo 
р = 


м, М 
+ HNO,/H,SO, s e 


These results show that loss of a proton or tritium cation does not take 
place during the rate-controlling step. Consequently, there must be at least 
two steps in the substitution sequence, and the loss of the proton or tritium 
must take place after the rate-controlling step. Similar results from other reac- 
tions allow us to formulate the following general mechanism for electrophilic 
aromatic substitution. 


E Н f 
С Les. Fast С 
(-H*) 


T 


PROBLEM Draw an energy profile diagram for electrophilic substitution on ben- 


17-10 zene and tritiated benzene. Use similar scales so energies can be com- 
pared. Indicate why a kinetic isotope effect is not observed. 


PROBLEM a Write a rate expression for the two-step electrophilic aromatic substi- 
17-11 tution process. 


b A one-step pathway similar to the Sy2 process was considered for the 
substitution mechanism also. Draw the transition state for such a 
pathway and indicate why it is inconsistent with the experimental 
data. 


B. Ortho, Meta, and Para Orientation 


An early observation in the studies of aromatic substitution was that a 
substituent already on the aromatic ring directs the position of subsequent 
substitution. The realization that a substituent group may have a marked 
influence on the course of a chemical reaction is not new to us. We have seen 
that substituents can influence the position of equilibrium between reactants 
and products (e.g., in the acidity of carboxylic acids, Sec. 7-1) or the rates of 


620 


The Mechanism of Electrophilic Aromatic Substitution 


CH, 


Toluene 


reaction (e.g., in the Sy1 reaction, Sec. 10-3). In the former case the relative 
energies of reactant and product are changed; the latter effect is a result of the 
change in energy between reactant and the transition state—the activation 
energy. 

Orientation in aromatic substitution is normally a consequence of kinetic 
control of product formation (Sec. 16-1B) and has only a limited relation to 
product thermodynamic stabilities. Methylation of toluene (a Friedel-Crafts 
alkylation, Sec. 18-2A), for example, results in formation of principally ortho 
and para products, whereas equilibration yields mostly the product of meta 
orientation. 


$ сн, CH; CH, 
CH, 
P "Черры АШЫ CH GN Cr + A + 
CH, 
CH, 


Bromomethane 


o-Xylene m-Xylene p-Xylene 
(1,2-Dimethylbenzene) (13-Dimethylbenzene) ^ (14-Dimethylbenzene) 
54% 17% 29% 
AICI, 
ino of 
40) 
25°С 
CH, CH; CH, 
CH; 
ar + 
CH; 
CH; 
3% 69% 28% 


To explain the orienting effect of a substituent on the course of electro- 
philic aromatic substitution, consider the relative rates of formation of the 
intermediate cyclohexadienyl cations which lead to each of the observed 
products. We make the common assumption (Sec. 5-2B) that the transition 
states will closely resemble the intermediates in both energy and geometry for 
these endergonic steps. 

Consider the substitution of an electrophile (E*) for one of the hydrogen 
atoms on a benzene ring already containing one substituent (S). A mixture of 
ortho, meta, and para products may form (Fig. 17-3). Since each product 
originates from the same starting materials, the partitioning to different prod- 
ucts must relate to the relative activation energies of each reaction. Although 
the cyclohexadienyl cation produced in each case is stabilized by resonance, 
there are important differences. Both ortho and para intermediates have one 
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FIGURE 17-3 
Structures of the 
intermediates in 
ortho, meta, and 
para substitu- 
tion. 


[ 5 5 S 
E Е OW > Е 
Ortho hn d Н. H| -H* 
A B c 
[ 5 sra S 
Meta Л Р He 
+ EF ER E Е» 
L H H КОН] Е 
D E F 
nus h у А 
Рага ( ] -H* 
—> => — 
bi + 
| НЕ НТ НЕ. | É 
G H I 


contributing structure in which the positive charge is adjacent to the substitu- 
ent (structures C and H), whereas the meta intermediate does not have any 
such structures. The influence of a substituent — whether it be favorable or 
unfavorable to the substitution process—will be greatest for reactions at the 
ortho and para positions. 

Two examples illustrate how this theoretical picture fits the experimental 
results. The nitration (Sec. 18-14) of phenol leads almost exclusively to ortho 
and para substitution products. 


OH OH OH OH 
NO, 
+ HNO, +22, + + 
NO, 
NO, 
Phenol o-Nitrophenol m-Nitrophenol p-Nitrophenol 
(Hydroxybenzene) 55% <1% 45% 


The hydroxy group is an electron-donating substituent through reso- 
nance (Sec. 7-1C), and it has the potential to stabilize the cyclohexadienyl 
cation intermediate. When ortho or para addition takes place, delocalization 
of positive charge occurs between the hydroxy oxygen atom and the ring. 
Thus a fourth structure contributes favorably to each of the resonance hybrids 
and lowers the energies of the intermediates and the transition states leading 
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to them. No similar interaction takes place during meta substitution. Hydroxy 
is said to be an ortho-para director in electrophilic aromatic substitution. 


тыс = 


H NO, 


5е-дт-бе-б 


H NO, 


An energy profile diagram (Fig. 17-4) illustrates the relative energies for 
the ortho, meta, and para substitutions of phenol. Note that the pathway 
leading to ortho substitution is higher in energy than that leading to para 
substitution even though direct conjugation between the substituent and ca- 
tions should be equivalent. Crowding and, in some cases, unfavorable elec- 
trostatic interactions tend to decrease reactivity at the ortho positions. 


FIGURE 17-4 OH 


Relative energies 
of ortho, meta, © 
and para nitra- NO2 


tion of phenol. 


Reaction coordinate 
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PROBLEM Refer to the nitration of acetanilide. 


( У-мнсосн, + HNO, -HSO/HOA, (= у-хнсосн, 
*NO. 


17-12 


2 
Acetanilide 


a Consider the reaction intermediates to account for the almost exclu- 
sive formation of ortho and para product. 


b Suggest why only 20 percent of the product is ortho. 


A second example is the chlorination (Sec. 18-1B) of nitrobenzene, a 
reaction in which the meta isomer is the major substitution product. 


NO, NO, NO, NO, 
1 
Оз= Oo 
1 
а 


Nitrobenzene o-Chloronitrobenzene ^ m-Chloronitrobenzene — p-Chloronitrobenzene 
- 1% 95% 4% 


Nitro is an electron-withdrawing group (Sec. 7-1C) with а formal positive 
charge on the nitrogen atom. When we consider the resonance structures 
associated with the intermediates along the three substitution pathways, it is 
again obvious that structures C" and H" for ortho and para substitution pro- 
vide the closest interaction between the cation and substituent group. But in 
this case the interactions are unfavorable because positive charges are located 
on adjacent atoms. 


5 МИ" пе 
Cl 
H 
Hol 
© н” 


The result of this unfavorable interaction is a destabilization of the tran- 
sition states and intermediates leading to ortho or para substitution. As a 
consequence, the pathway to meta substitution becomes relatively the most 
favorable. The nitro group is a meta director in electrophilic aromatic substitu- 


tion. 


* The squiggly bond shows that no particular position of substitution is indicated. 
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PROBLEM 
17-13 


Draw an energy profile diagram for the chlorination of nitrobenzene. 


C. Relative Rates of Substitution 


The ortho-para orientation by a hydroxy group was attributed to stabili- 
zation of the cyclohexadienyl cation intermediates and the preceding transi- 
tion states by electron donation from the oxygen atom. Stabilization of the 
transition states and associated lowering of their energies has another experi- 
mental ramification. The rate of nitration of phenol is approximately 1,000 
times faster than that of benzene. Similar rate enhancement is observed with 
other related reactions of phenol. Hydroxy is a powerful activating group in 
electrophilic aromatic substitution. 


H OH 
kp * 
+ HNO, so,” wet 
kp/kg = 1,000 
NO, Р/ КВ 


The same mechanistic approach is used to predict the relative rates of 
electrophilic substitution on nitrobenzene. Nitro is a meta-directing substitu- 
ent, and it has a destabilizing effect on the transition state leading to the 
cyclohexadienyl cation intermediate. It is not surprising to find that nitroben- 
zene undergoes substitution considerably more slowly than does benzene. 
Nitro is an important deactivating group in electrophilic aromatic substitu- 
tion. 


NO, NO? 
ky 
+ HNO, > NO, 
ky/kp zz 10-8 
NO, 


The rates of electrophilic aromatic substitution are usually difficult to 
measure directly. Data on relative rates of reaction can often be obtained 
through competitive experiments. A mixture of the substrates under investi- 


* The squiggly bond shows that no Particular position of substitution is indicated. In this case a 
mixture of ortho, meta, and para nitrophenols is formed. 
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PROBLEM 
17-14 


gation is allowed to react with less than the stoichiometric amount of reagent. 
The product mixture is then separated, and the mole-percentage of each 
product is determined. The result is a direct measure of the relative rates of 
reaction of the substrates. This kind of experiment demonstrates that toluene 
is approximately 24 times more reactive toward nitration than is benzene. In 
this example it is the electron-donating characteristic of a methyl group (Sec. 
7-1) that accounts for its activating influence. 


CH, NO, CH, 
4% 96% 


(Equimolar quantities) 


A mixture of benzene and toluene was treated with a small amount of 
aqueous hypochlorous acid. The monochlorinated products consisted 


of 98.4% chlorotoluenes and 1.6% chlorobenzene. What are the relative 
reactivities of toluene and benzene in this reaction? 


The Rate-Orientation Relation 


The data presented above are part of a general pattern of substituent 
effects on electrophilic aromatic substitution. Substituents which activate an 
aromatic molecule (relative to benzene) toward substitution also orient the 
electrophile to the ortho and para positions. They are ortho-para directors. 
Substituents which deactivate the aromatic molecule in the substitution reac- 
tion are usually meta directors. The effects of important substituents on rate 
and orientation in electrophilic aromatic substitution are summarized in 
Table 17-1. 


TABLE 17-1 Effect of Substituents on the Rate and Orientation of 
Electrophilic Aromatic Substitution 


Substituent Rate Effect Orientation 
—NR,, —NH;, —OH, —0 гт Strongly activating 0, p 
О О 
ze E —OR Activating 0, p 
—R, —Аг Weakly activating 0, p 
=H (Standard for comparison) 
—X 1, —CH)X Weakly deactivating o, p 
—NO,, —SO;H, —б=о, Strongly deactivating m 


+ + 
CN, —NR,, —SR,, —CF, 
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The most effective activating groups are capable of stabilizing, through 
conjugation, the transition state leading to the cyclohexadienyl cation inter- 
mediate. Amino and hydroxy are in this category. 

When the availability of the heteroatom electrons for conjugation with 
the benzene ring is decreased, the activating influence diminishes. We have 
previously learned that alkyl and aryl groups are weak electron donors (Sec. 
7-1C). Those substituents fall into the category of weakly activating ortho- 
para directors. 

Electron-withdrawing groups such as carbonyl, nitro, and the positively 
charged onium ions are powerfully deactivating meta directors. They destabi- 
lize the transition state leading to the intermediate cyclohexadienyl cation 
through an unfavorable interaction of adjacent positive charges. 

The halogen atoms are the only important exceptions to these generaliz- 
ations, and they provide an interesting duality in their effect on electrophilic 
aromatic substitution. Bromo- and chlorobenzenes undergo nitration about 
Ую as fast as does benzene. Their halogen atoms are deactivating substitu- 
ents, yet the orientation of substitution is ortho-para. How can we explain 
this deviation from the expected results? 


с с СІ СІ 
NO, 
+ HNO, IN. + + 
NO, 
NO, 
Chlorobenzene ortho meta para 
29% 1% 70% 
Chloronitrobenzenes 
Br Br Br Br 
NO, 
+ HNO, Ec 4 + 
NO, 
NO, 
Bromobenzene ortho meta 


para 
375 1% 62% 


Bromonitrobenzenes 


The halogens are considerably more electronegative than a carbon atom 
(Sec. 2-3A). Chloro- and bromobenzene possess a dipole moment of approxi- 
mately 1.6 D as a consequence of electron attraction toward the halogen atom. 
The electron-withdrawing effect of halogen deactivates the aromatic ring to- 
ward electrophilic substitution. 


17-2 Mechanism and Orientation in Electrophilic Aromatic Substitution 627 


PROBLEM 
17-15 


However, the halogen atoms also have unshared electrons which can be 
delocalized into the benzene ring. To the extent that such electron donation 
occurs, ortho-para orientation is favored. The halogens provide a balance 
between inductive electron withdrawal and conjugative electron donation. 


га? Gi: yep за: 
© 
є > € > € > 
+ + 
НЕ HE "A Е НЕ 


Often a change in structure of the substituent will alter its influence on 
electrophilic substitution. For example, conversion of an amine to an amide 
delocalizes some of the electron density from nitrogen into the carbonyl 
group (Sec. 9-1B). The activation influence of the substituent on the aromatic 


ring is decreased. 
it 
(уч, > (yos 


If the amino group is protonated it changes from ortho-para activating to meta 


deactivating. 
(oy FE (ym. 


o,p-Activating m-Deactivating 


We will see that such simple changes in substituent structure are often useful 
during synthesis with aromatic compounds. 


Although nitrogen and oxygen atoms are more electronegative than 
carbon atoms, the dipole moments of both aniline and anisole 


(methoxybenzene) are directed toward the benzene ring. Provide an 
explanation of this experimental observation. 


. Orientation in Multiply Substituted Aromatics 


We have considered only the effect of a single substituent on the orienta- 
tion of electrophilic aromatic substitution. Often more than one group is lo- 
cated on the aromatic ring. How do the individual substituent effects interact 
to direct substitution? . 

The simplest situation occurs when all.the substituents direct an electro- 
phile to the same position. Steric factors often inhibit substitution between 
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two groups even though the position may be electronically favorable. On the 
formulas below an arrow indicates the position of a major substitution. 


CH, CH, 
У e SA ло, 
CH, 
T Т 


When the orienting influences of substituents oppose, the more power- 
ful activating group dominates. 


OH CO,H 
por У ТИ 
CH, 
CH, 1 


PROBLEM Indicate the position(s) of major mono electrophilic substitution on 
17-16 each of the following compounds. Designate whether the compound is 


activated (A) or deactivated (D) relative to benzene. 


CH, СЕ, CN NO, 
CH; | `сн; 2 : E "NO, 
OAc OH COH сно 
ud NO, 


F. A Pi-Complex Intermediate 


The generalities of substituent effects compiled in Table 17-1 are valid for 
essentially all electrophilic substitution reactions, yet differences in the degree 
of orientation or activation are observed. For example, we find that the rela- 
tive reactivity and the percent of ortho, meta, and para products depends not 
only on the particular reaction but also on the nature of the reagent employed 
(Table 17-2). 

Data of these kinds have led some chemists to propose that a pi complex 
may be an important intermediate that influences the course of certain aro- 
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TABLE 17-2 The Dependence of Orientation and Reactivity on the Nature 
of the Substitution Reaction 


Reaction 


Relative Rate Orientation on Toluene 


Reagent Toluene: Benzene 960 %m %р 


Nitration 


Chlorination 


Bromination 


HNO;/68% H2504 17 60 3 37 
HNOJCH3NO; 21 59 4 37 
МОЗ ВЕ; /СНзСМ 2.3 69 2 29 


Ch/FeClJ CH3NO5 14 68 2 30 
Cl,/CH3CO,H 344 60 «1 40 


Br,/FeBr3/CH3NO2 7 72 a 27 
Br;//CH3CO;H 605 33 «1 67 


17-3 


matic substitution reactions. The pi complex between the substrate and elec- 
trophile forms before the cyclohexadienyl cation (the sigma complex), and it 
can influence reaction rate. 


E E 
+E =G- m 
А 


т сотріех а complex 


А complex between the pi electrons of an aromatic ring and an electron 
acceptor is often referred to as a charge-transfer complex, since some electron 
density is transferred from one species to the other. Many charge-transfer 
complexes of aromatic compounds are known. In most cases, the interaction 
is weak [1-5 kcal/mol (4—20 kJ/mol)], so the components of the complex are 


readily recovered. 
e n a тей e |. 


Вепхепе Iodine Benzene-iodine 
Colorless Red-brown charge-transfer complex 
color Brown color 
The importance of pi complexes along the pathway for aromatic substi- 
tution is controversial. The question does, however, again point up the fact 
that a reaction mechanism is only a rationale for experimental data. A mecha- 
nism is never proved, and it must be reconsidered as new results and inter- 


pretations become available. 


Quantitative Correlations of Substituent Effects 


. Partial Rate Factors 


We have considered the total reactivity of various monosubstituted ben- 
zenes toward electrophiles. It is often useful to know the relative reactivity at 
the ortho, meta, and para positions. A more quantitative picture of aromatic 
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reactivity can be helpful in understanding the reaction mechanism and pre- 
dicting results during synthesis. 

The magnitude of reactivity at any one position in a substituted benze- 
noid compound as compared with that at one position in benzene is known as 
the partial rate factor. Partial rate factors for a specific reaction are calculated 
by relating the percentages of the ortho, meta, and para isomers formed to the 
reactivity of the total molecule relative to benzene. 

As an example, consider the nitration of toluene. Competitive nitration 
of toluene and benzene using nitric acid in acetic anhydride shows that tolu- 
ene is 24 times more reactive than benzene (Sec. 17-2D). Analysis of the prod- 
uct isomers indicates a mixture of 56.59; ortho-, 3.5%, meta-, and 40% para- 
nitrotoluene. These data tell us not only that toluene reacts 24 times faster 
than benzene in that particular nitration reaction but also that reaction at the 
para position accounts for 40 percent of the reactivity. That is, reactivity at the 
para position of toluene is 0.40 x 24 — 9.7 times the reactivity of benzene. 

Since we want to compare reactivity at the single para position of tolu- 
ene with that at one position of benzene, it is necessary to multiply the reac- 
tivity at that one position of toluene by 6 to account for the six equivalent 
positions of benzene which would actually be reacting. The partial rate factor 
for the reactivity of the para position of toluene relative to one position in 
benzene is therefore 


ре = 6 x 0.40 x 24 = 58 


(The designation includes the position—o, т, or p—and the substituent, 
—CH5.) The para position of toluene is 58 times more reactive than a single 
position in benzene for this nitration reaction. 

Ortho and meta partial rate factors are calculated similarly. However, for 
them we must compare two Possible positions in the substrate with the six on 
benzene; i.e., we must multiply by a factor of 3. The relations for the nitration 
of toluene are 


of = 3 x 0.565 x 24 = 41 
mf —3 x .035 x 24 = 2,5 


Other examples of partial rate factors are compiled in Table 17-3. 


PROBLEM The bromination of toluene using bromine in aqueous acetic acid takes 
17-17 Place 605 times faster than does the Same reaction of benzene. The 


product ratio is 32.9% ortho-, 0.3% meta-, and 66.8% para-bromotolu- 
ene. Calculate the partial rate factors for the reaction. 
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TABLE 17-3 Partial Rate Factors for Some Aromatic Substitution Reactions 


Isomer 

Substituent Reaction Rate Relative pisirtution: menial Rate dela 

(Compound) (Reagent) to Benzene %о %ш %p о; my р; 

—OH Bromination 6x10! — — 100 — — 4 x 10? 
(Phenol) (Br/HOAc/H2O) 

—NHAc Chlorination 6x10 325 '— 675 6x10 — 3 x 10° 
(Acetanilide) (СЫНОА‹с) 

—CH3 Chlorination 340 59.8 0.5: 39.7 617 5.0 820 
(Toluene) (CL/HOAc) 

—CH3 Methylation 3.8 53:7 17:3 28,9 6.1 2.0 6.6 
(Toluene) (CH3Br/AIBr;) 

—CH3 Acetylation 128 12-13 97.6 4.5 4.8 749 
(Тошепе) (CH3COCYI/AICI) 

—Br Nitration 0.03 37 1 62 0.03 1х 10-3 0.1 
(Bromobenzene) (HNOJCH3NO;) 

—NO; Nitration 6 x 10-8 6.92. 2 ul oe 10 б ОЕ 7 ТОА. 
(Nitrobenzene) (HNOJ/H;S50,) 


How do we make use of these partial rate factors? Their major value is as 
a quantitative measure of reactivity and degree of orientation. We saw, for 
example, that a methyl group enhances the reactivity of the benzene ring and 
orients substitution ortho and para. The partial rate factors for this reaction 
indicate that the meta position also is activated (mj = 2.5) relative to ben- 
zene during nitration. АП positions are activated, but the ortho and para 
positions are relatively more reactive. 

Our mechanistic model for electrophilic aromatic substitution suggested 
that nitro is a meta director because the meta position is deactivated less than 
the ortho and para positions are. Partial rate factors support this concept. 

Partial rate factors reveal an interesting result in the substitution of the 
deuterioanisole (methoxybenzene-d) isomers by a proton (Н* as the electro- 
phile). Although the methoxy group strongly activates the ortho and para 
positions through conjugation, the meta position is actually deactivated, ap- 
parently due to inductive electron withdrawal by the oxygen atom. 


OCH, OCH, 


p Hv/no 


0008 = 2.3 x 10* 
mp% = 0.25 


pp™ = 55 x 10 
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PROBLEM Partial rate factors can be used to predict isomer distribution during 
17-18 aromatic substitution. Use the data of Table 17-3 to predict the percent 


of substitution during the acetylation of m-xylene (1,3-dimethyl- 
benzene). Compare your results with the experimental results indi- 
cated below. (Note that when two substituents affect a single position, 
the probability of reaction at that position is the product of the individ- 
ual probabilities.) 


Isomer distribution for acetylation of m-xylene 


B. The Hammett Equation 


One of the earliest quantitative studies of substituent effects was carried 
out by Louis Hammett in the 1930s. Acidities of benzoic and phenylacetic 
acids were measured as the substituent group on the aromatic ring was 
changed. In those experiments the positions of acid-base equilibria (Sec. 7-14) 
were measured as functions of the substituent groups. If the different acidity 
values for each series of compounds are due only to the influence of the 
substituents, then a relation between the sets of data should exist. When the 
pK, values obtained from the two sets of compounds were plotted against 
each other, a linear relation was observed (Fig. 17-5). 

The linear relation can be expressed by the mathematical equation 


PKpa = р(рКв) + C 
or 
log Крд = plog Кв + C' 


where pKpa and pKs = the pK, values for phenylacetic and benzoic acids 
p (tho) = aproportionality constant—the slope of the straight 
line 


C ог C' = the intercept of the straight line 


Acidity values of the unsubstituted carboxylic acids (pKo—sub- 
stituent = H) are the standards with which the effect of a substituent is com- 
pared. The equation for this standard case is 


log Корд = p log Ков + C' 


Subtraction of one equation from the other provides an expression which 


FIGURE 17-5 
Relation be- 
tween pK, val- 
ues of phenyla- 
cetic and 
benzoic acids as 
a function of 
substituent(s). 
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pK, S-CcH4CH2CO;2H 


3.5 4.0 4.5 
pK, S-CoH4CO2H 


relates the substituent effects on the two series of compounds: 


log A 


ELE 
але unseen 
where K and Ko are the equilibrium constants for the substituted and unsub- 
stituted compounds. 
The acidities of benzoic acids in aqueous media at 25°C are taken as the 
standard measure of the effect of each substituent group. A substituent con- 
stant sigma (g) for each substituent group is defined as 


с = lo, aS 
8 Ков 
The linear relation can now be expressed in more general terms by the Ham- 
mett equation: 


lo Kea — 
Б Корд RT, 


The substituent constant sigma (0) is a measure of the effect of a substit- 
uent on the acidity of benzoic acid. Substituents that enhance acidity relative 
to unsubstituted benzoic acid will have positive values (с > 0). A hydrogen 
atom has а sigma value of zero. Some representative substituent constants are 
compiled in Table 17-4. 
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PROBLEM 
17-19 


TABLE 17-4 Substituent 
Constant Values of Common 


Groups 

Substituent Tm оь 
N(CH3); —0.21 —0.83 
NH; —0.16 —0.66 
CH; —0.07 —0.17 
OH —0.12 —0.37 
C6H5 —0.06 —0.01 
ОСН: 0.12 0.27 
SCH; 0.15 0.0 
F 0.34 0.06 
if 0.35 0.18 
a 0.37 0.23 
Br 0.39 0.23 
CO;R 0.40 0.52 
CF; 0.43 0.54 
СМ 0.56 0.66 
NO; 0.71 0.78 
МСН), 0.88 0.82 
S(CH3); 1.00 0.90 


Relate the substituent constant values of Table 17-4 to the electron- 
donating or -withdrawing character of each substituent. How does this 


compare with qualitative predictions of substituent effects on acidity? 
Why might you expect о’ and c, values for the same substituent to be 
different? 


The proportionality constant rho (p) is a measure of the sensitivity of a 
particular reaction to a change in substituent. It is known as the reaction 
constant, and it is defined as 1.0 for the ionization of benzoic acids in water at 
2506; 

Substituent effect relations expressed by the Hammett equation have 
been extended to a wide variety of acid-base reactions, to substitutions, and 
to spectral correlations. Many variations have been introduced to account for 
special cases, but the general concept of such linear free-energy relations has 
proved valuable in predicting and explaining organic transformations. Re- 


17-4 Summary 635 


cently, а great deal of interest has been focused on the use of similar correla- a 
tions in the prediction of drug action. 


PROBLEM Use the Hammett equation to calculate each of the following: 
17-20 a The pK, value of p-CH3C;H4CO;H 
b The pK, value of m-NO,C,H,CO,H 


с The specific rate constant of base-promoted hydrolysis of 


p-CICcH4CO;C;H; given the value of 82 L/mol · s for the specific rate 
constant in the hydrolysis of ethyl benzoate. The reaction constant p 
value is 2.43. 


d What does the positive value of p indicate about the reaction mecha- 
nism in part c? 


17-4 Summary 
А. The Chemistry of Aromatic Compounds 


The course of reactions on aromatic compounds can be attributed to the 
phenomenon known as aromaticity. This enhanced stability has its origin in 
the interaction between electrons of the unsaturated bonds in the molecules. 
Simple conjugation is not sufficient to account for the magnitude of aromatic 
stability, for not all conjugated alkenes are aromatic. Hückel proposed that 
cyclic conjugated molecules involving 4n + 2 electrons will possess aromatic 
properties. Experimental results and molecular-orbital calculations provide 
support for the empirical rule. 

Reactions of aromatic compounds are the result of substitution on an 
unsaturated carbon atom. Addition of an electrophile is followed by loss of 
another group (usually H*) from the molecule. The regeneration of an aro- 
matic system is energetically favorable. 

When a substituent is located on the benzene ring of an aromatic com- 
pound, the position of further substitution is governed by that original sub- 
stituent. Substituents are normally classed as activating ortho-para directors 
or deactivating meta directors. The halogens are the only important substitu- 
ents which are ortho-para directors yet deactivate the aromatic ring toward 
electrophilic substitution. 

Simple correlations have been developed to quantitate the effect of sub- 
stituents on the reactivity of aromatic compounds. Partial rate factors, deter- 
mined from experimental data, indicate reactivity at specific positions of an 
aromatic ring. The Hammett linear free-energy relations relate specific reac- 
tivity to groups on an aromatic ring. 
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17-5 Supplementary Problems 


17-21 Comment on the aromaticity of the following structures: 


17-22 


17-23 


17-24 


17-25 


17-26 


CH; 
| amt 


f Ces 


The Kórner method (Prob. 17-1) for assigning structures to disubstituted benzenes also 
can be employed with Ladenburg benzene (prismane). There are three potential di- 
substituted prismane isomers (Prob. 17-2): one that would give one trisubstituted iso- 
mer, another that would give two trisubstituted isomers, and a third that would give 
three trisubstituted isomers. However, an important difference would occur if the 
Kekulé or Ladenburg disubstituted isomers were reduced to disubstituted 
cyclohexanes. The Kekulé isomer that gives two trisubstituted products would lead 
only to a 1,2-disubstituted cyclohexane, while the Ladenburg isomer that gives two 
trisubstituted products would produce a 1,3-disubstituted cyclohexane. 

a Draw structural formulas for these trisubstituted prismane isomers. 

b Account for the results of the reductions to cyclohexanes discussed above. 


Although [14]-annulene has many of the chemical and physical properties of an aro- 
matic compound, it is not perfectly planar. Account for its slight nonplanarity. (Build 
or draw the molecule with all of its hydrogen atoms.) 


Account for the active electrophile in each of the following reagents: 
a Iodine chloride for iodination 

b HOBr in strong acid for bromination 

с 1, + SbCl; for iodination 


Provide an explanation for the observation that nitroso (—N=0), like the halogens, is 
an ortho-para director, but deactivating in electrophilic aromatic substitution. 


Fill in the electron configuration for the energy diagram of cyclooctatetraene shown 
below. What is the significance of your results relative to the aromaticity or non- 
aromaticity of cyclooctatetraene? 
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Bonding 


17-27 Explain the observation that A undergoes electrophilic substitution predominantly at 
the ortho-para positions, whereas B substitutes mainly meta. 


с CH,CH,CN f: CH=CHCN 
A B 


17-28 Although the inductive effect of a phenyl group is electron withdrawing, each ring of 
biphenyl (CgHs—C&H;) is more reactive than benzene in electrophilic aromatic substi- 
tution. Furthermore, each benzene ring is an ortho-para director toward the other. 
Discuss this reactivity-orientation effect. 


*17-29. Explain the chemical shift positions of the indicated protons іп the 'H-NMR spectrum 
of each of the following compounds. 


e pem 5.7 ppm (53 
—4 ppm 
S CH,—CH; 5 
je J 
5 S 


1.0 ppm 
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Supplementary Problems 


18-1 


Electrophilic Aromatic Substitution Reactions— 
Heteroatoms as the Electrophiles 


The preceding chapter provided support for a common mechanism in 
electrophilic aromatic substitution. This section and the next of this chapter 
will cover some of the more important examples of that widely used reaction. 
We will consider the most common process: substitution of an electrophile for 
a hydrogen atom. Although the proton is the most common and one of the 
best leaving groups in aromatic substitution, other leaving groups are some- 
times encountered. 


. Nitration 


Aromatic nitration is most commonly carried out using a mixture of 
concentrated nitric and sulfuric acids. Benzene, for example, leads to about 95 
percent of nitrobenzene when the reaction is run at 25-40*C. The substitution 
by one nitro group deactivates the ring sufficiently that polynitration is not 
significant. Dinitrobenzenes are obtained only if the reaction is carried out 
near 100°С. 


NO, 


i ð 
Nitrobenzene 
O + HNO, 25% КИ 
NO; NO, NO, 
NO, 
~100°C a 5 
NO, 
NO, 


o-Dinitrobenzene m-Dinitrobenzene p-Dinitrobenzene 
7% 88% 1% 
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The mixed acid reagent is also satisfactory for nitration of aromatic rings 
containing weakly activating or deactivating substituents. The examples 
below illustrate the directing effect of a substituent already on the aromatic 


ring (Sec. 17-2B). 
в CH; Н; н; 
NO, 
+ HNO, SEOs, + + 
NO, 
NO, 
Toluene ortho- meta- para- 
62% 5% 33% 
Nitrotoluenes 
90% 
Н; 3 
H,SO, 
+ HNO, TUTTA 

CH; CH, 

NO, 

1,3-Dimethylbenzene 2,4-Dimethylnitrobenzene 
(m-Xylene) 98% 
'O,H Он 
+ HNO, 9850, , 
=100°C 
NO, NO, 
Benzoic acid 3,5-Dinitrobenzoic acid 
60% 


The nitric-sulfuric acid mixture is too powerful a nitrating reagent to be 
used with strongly activated aromatic compounds. Nitric acid in water or in 
an organic solvent is often used to accomplish mild mononitration on com- 
pounds such as anisole and phenol. 


NO, 
Anisole ortho- meta- para- 
71% «15 28% 
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PROBLEM 


18-1 


NO, 
Phenol ortho- meta- para- 
55% <1% 45% 


Nitrophenols 
64% 


The preparation of o- ог p-nitrophenol from phenol is readily accom- 
plished by using dilute nitric acid. Why must concentrated nitric acid 


in sulfuric acid be employed when 2,4,6-trinitrophenol (picric acid) is 
prepared by the nitration of phenol? 


It is now well accepted that the electrophile in aromatic nitration is the 
nitronium ion (NO3). In a sulfuric acid medium, nitric acid is protonated and 
subsequently forms the reactive species. 


HNO; + Н,50; == H;NOj + HSO; 
H,NO} + H;90, === МО? + НзО* + HSO; 


Nitric acid itself can function as the acid to generate nitronium ion, but the 
position of equilibrium is far to the left. 


2HNO; — МОЎ + NO; + HO 


Three kinds of evidence provide the major support for a nitronium ion: 


1 The rate of nitration is found to be dependent on the concentration of NOŽ. 

2 Cryoscopic measurements (measurements of the lowering of the freezing 
point of a standard solvent by various substances) show that the common 
nitration reagent, nitric acid plus sulfuric acid, forms four particles in solu- 
tion. This result is consistent with the formation of the nitronium ion. The 
very strong acid, sulfuric, protonates the water produced, so the equilib- 
rium lies far to the right. 


HNO; + 2950; = МОЎ + НзО* + 2Н5Ох 


3 Many stable nitronium salts are known which nitrate the aromatic ring in a 
manner similar to the nitric-sulfuric acid mixture. (Although nitronium 
salts have been used for nitration, they are potentially explosive, so other 
reagents are preferable in synthesis.) 
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NO; 
Os 
+ NO$ BFF —— 
Benzene Nitronium Nitrobenzene 
tetrafluoroborate 93% 
CH; Hs 3 3 
NO, 
+ МО CF,SO; СНС, + + 
—60°C 
NO, 
NO, 
Toluene Nitronium ortho- meta- para- 
trifluoromethane- 62% 0.5% 37% 
sulfonate Nitrotoluenes 
99% 


Nittation of an aromatic compound is one step in the synthesis of a large 
number of compounds. The nitro group can be introduced as a meta-directing 
substituent and then reduced to the amino group, which is an ortho-para- 


directing substituent. 
NO, NH, 
e HCI/Fe ог Sn С) 
—————— 
or H,/catalyst 


In Sec. 18-3C we will learn that the amino group can ultimately be replaced 
by a hydrogen atom. The introduction of a specific directing group and then 
its removal is a very useful technique in the design of an organic synthesis 
(Sec. 18-4). 

Polynitro compounds themselves are widely used as explosives. 2,4,6- 
Trinitrotoluene (TNT) is prepared by the nitration of toluene. As each nitro 
group is introduced, the aromatic ring is deactivated further. Nitration condi- 
tions must become more vigorous. The last step is commonly accomplished 
with a very powerful nitrating reagent: fuming nitric and sulfuric acids. 


3 CH; 3 3 
NO, 
+ HNO, #504 , 4 4 SHNOV/TUSO, 
=30°C =90°C 
NO, 
МО, 


Тошепе 2 (May be removed 
before further 
nitration.) 


* Sulfolane (tetramethylene sulfone) is a useful polar-aprotic solvent. 
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3 
NO, i Ж 
Fuming _Fuming HNO,/H,SO, | 


NO. 
2,4,6-Trinitrotoluene 
(TNT) 


PROBLEM Write the product(s) of mononitration of each of the following and 
18-2 explain the orientation you predict. 


a 3-Methylphenol (m-cresol) 


b m-Cyanophenol 


c m-Chlorophenol 
о 


О 


N 
H 


e p-Nitroacetanilide (p-D;NC;H,NHCOCH;) 


B. Halogenation 


The reagents used most often for aromatic halogenation are the molecu- 
lar halogens СІ, Brz, and Iz. Reactions are typically much slower than the 
related nitrations. Iodination is usually quite slow, and it is useful only with 
activated aromatic compounds. By contrast, fluorination of aromatics is dan- 
gerously exothermic and is usually accomplished DL fn indirect methods. 


Hs 
+ Br, — Senn 
10°C 
СН; CH; 
1,3,5-Trimethylbenzene план. ME 
(Mesitylene) (Bromomesitylene) 
8255 
Br. 
Э == бис, wre =] 


NO, 
ЖИА 2-Bromo-4-nitrotoluene 
90% 
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б CH; CH; 
cl 
HOAc 
+ CL ЕР E 
CI 
Toluene 2-Chlorotoluene — 4-Chlorotoluene 
60% 40% 


A catalyst is generally employed when the substrate is benzene or a 
deactivated aromatic compound. Metallic iron or ferric halides are typically 
used. Iron itself is not a catalyst, but it is converted to ferric halide in the 
presence of a halogen. Industrial preparations of haloaromatics have been 
carried out in iron vessels for that reason. 

Highly activated aromatics such as phenols and anilines rapidly react 
with molecular halogen without the aid of a catalyst. In those cases it is often 
difficult to stop the reaction at monohalogenation. 


Aniline 2,4,6-Tribromoaniline 
=100% 


The amino group can be converted to an amide (Sec. 9-3) to moderate its 
activating effect (Sec. 17-2D). Hydrolysis of the anilide (amide of aniline) after 
monohalogenation yields the desired monohaloaniline. 


Aniline Acetanilide p-Bromoacetanilide p-Bromoaniline 
100% 


PROBLEM The reaction of phenol with bromine gives the mono-, di-, or tribromo- 
18-3 phenol depending on the concentration of bromine employed. In con- 
trast, the use of basic aqueous bromine yields 2,4,6-tribromophenol as 


the only bromination product irrespective of the quantity of bromine 
present. Account for the latter result. 


Halogenations carried out on activated aromatic compounds in the ab- 
sence of a catalyst are believed to involve the neutral halogen as electrophile. 
The rate of reaction is second-order: first-order in aromatic and first-order in 
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PROBLEM 


18-4 


PROBLEM 


18-5 


halogen. We can envision the first step as a nucleophilic displacement of 
halide from halogen by the pi electrons of the aromatic ring. 


:OH *OH 
б A $ 
Хх №, HEX E 


Rate = kj[aryIl[X;] 


When less reactive substrates are halogenated in the presence of a Lewis 
acid catalyst, the electrophile is probably the halonium ion formed by reaction 
of the halogen with the catalyst. 


X, + FeX, == X*FeX; 


Many examples of bromination of activated aromatic compounds (i.e., 
anisole or acetanilide) in acetic acid follow third-order kinetics. 


Rate = k,[Ar][Br2]* 
Suggest a mechanism consistent with this kinetic expression. 


Place the following compounds in order of decreasing rate of bromina- 
tion and draw the structure of the major monohalo derivative formed in 
each case. 


OH H OH Р н 
* "CH, _ `вг NO, : 
NO, CH, 


C. Sulfonation 


Sulfonation is one of the more important industrial reactions of aromatic 
compounds. Historically, the process was probably developed because of the 
ready availability of inexpensive sulfuric acid. Today, one of the largest uses 
of the sulfonation reaction is in the production of detergents. Alkylbenzenes 
prepared by the Friedel-Crafts reaction (Sec. 18-2) are sulfonated in high yield 
to form the benzenesulfonic acids whose salts are detergents (Sec. 9-2C). 
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FIGURE 18-1 
Energy profile 
diagram for aro- 
matic sulfona- 
tion. 


сн, сњ 
н 
коњ ( е eese вол Bep, 
4 


1-Methylundecylbenzene p-(1-Methylundecyl)benzenesulfonic acid 


Sodium eae донна 
The electrophile in sulfonation is believed to be sulfur trioxide (SOs), 
either free or in combination with some other reagent. Sulfur trioxide is an 
excellent reagent which reacts rapidly, even with the unsubstituted aromatic 
ring of benzene. The most common source of the electrophile is concentrated 
or fuming sulfuric acid. (Fuming sulfuric acid is sulfuric acid containing SO3. 
It is often called oleum.) Addition-elimination is again the reaction mecha- 
nism proposed. 


Oy „О 


оф cr 


Sulfonation differs from the other aromatic substitution reactions we 
have studied in that it is reversible at elevated temperatures. Reversibility of 
the reaction suggests that the activation energies for conversion of the inter- 
mediate to reactant or product are similar. An energy profile diagram (Fig. 
18-1) is illustrative. 

Sulfonation is the only major aromatic substitution reaction that shows а 
kinetic isotope effect (Sec. 14-1A) when the rate with a deuterated substrate is 


Energy — Уу 


503 
туц Cr 


CeHsSO3H 


Reaction coordinate 
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compared to that of the similar protio compound. The difference between the 
breaking of a C—H and a C—D bond becomes kinetically significant and a 
small (ky/kp = 2) isotope effect is observed. 

The scope of the sulfonation reaction is broad. Almost any type of aro- 
matic compound can be made to undergo substitution. In Sec. 18-4 we will 
see that the meta-orienting effect of the sulfonic acid group combined with 
subsequent removal of the group has interesting applications to synthesis. 


CH; 
ета О 
+н,5о, 2С, 
SO,H 
ОЗН 


Тошепе ortho- para- 
32% 62% 


Toluenesulfonic acids 


cl C 
+ HO, — 
503Н 
Chlorobenzene p-Chlorobenzenesulfonic acid 
Major product 
C(CH;); (CH) 
4 HO, — 
SO3H 
tert-Butylbenzene p-tert-Butylbenzenesulfonic acid 
100% 


D. Diazonium Coupling 


Aryl diazonium salts (Sec. 11-6A) are effective electrophiles toward acti- 
vated aromatic compounds. Their reactions, known as coupling, are useful 
for the production of arylazophenols and arylazoamines. The major product 
normally results from reaction of the terminal diazonium nitrogen atom at the 
position para to the activating substituent of the substrate. 


NaNO,/HCI/H,O rade ses Xe Nes 
ЖР, "m г Js js: Dr WT im IN m 4 


i Benzenediazonium p-Hydroxyazobenzene 
MR chloride Orange color 
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PROBLEM 


18-6 


NaNO,/HCI/H,O Corse, 
nos У, 0н, но, Фе cr > 


p-Aminobenzenesulfonic 
acid 


(Sulfanilic acid) 


4'-Dimethylaminoazobenzene- 
4-sulfonic acid* 
(Methyl orange) 


(Ук ВЕ {учо ем. 
Benzenediazonium tetrafluoroborate N,N-Dimethylaniline 
(yel. Умань, 


p-N,N-Dimethylaminoazobenzene 
Yel color 


Products of diazonium coupling reactions are normally highly conju- 
gated, colored compounds (Appendix). The diazonium coupling reaction as a 
source of dyestuffs was of interest in the early development of organic chem- 
istry. Even today, a significant percentage of manufactured coloring materials 
are azo dyes. A very sophisticated degree of chemistry and technology com- 
bine to develop dye processes which lead to color fastness, resistance to laun- 
dering, and compatibility with a variety of fabric structures (Sec. 25-3). 


Why do phenols normally undergo coupling with a diazonium salt 


most effectively in a basic reaction medium? 


. Ipso Substitution 


We have considered only examples in which an electrophile substitutes 
for a proton. Other groups can also depart in aromatic substitution. There is 
considerable evidence that an electrophile can form a bond to an aromatic 
carbon atom already bearing a substituent other than hydrogen. Loss of that 
substituent results in ipso substitution. Ipso substitution is limited to sub- 
strates in which there is some tendency for the group originally on the ring to 
depart. 


* If two different aromatic rings have substituents, the prime (’) is used to designate groups on 
one of the rings. 
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CH, 
+ МО; Aco- A89, 


CH(CH3), 


1-Isopropyl-4- Nitronium acetate 
methylbenzene 


(p-Cymene) 
Н; 3 Hy 
NO, 
+ zt + CH,=CHCH, 
NO, 
NO, Н(СН.), H(CHj), 
10% 82% 8% 10% 


(Ipso substitution) 


Трзо addition, the first step of ipso substitution by an electrophile, may 
actually take place to a greater extent than is suggested by product studies. If 
the substituent already on the ring is not a good cationic leaving group, the 
electrophile can rearrange to provide a proton leaving group and the “пог- 
mal" substitution product. 


Hs CH, NO, gis is 
NO, NO, 
+ NO? Aco- 422, Ө LE Hy + Ht 
CH, Hy CH, 


CH, 


1,4-Dimethylbenzene 
(p-Xylene) 


Ipso addition Rearrangement 


PROBLEM Why does 1-isopropyl-4-methylbenzene give some product of ipso sub- 
18-7 stitution, whereas 1,4-dimethylbenzene produces only substitution 


product? 


PROBLEM Predict the major organic product(s) of each of the following reactions. 
18-8 Name each product. 


F 


NO, 


+ NO; Br; 95 
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c C,H,N$ BF; + 
C(CHj), 


+ HNO, 22%, 


$ FeCl,/CCl 


CH,CONH 


RE E 


18-2 Electrophilic Aromatic Substitution Reactions— 
Carbon Electrophiles 


Formation of a bond between a carbon atom of an aromatic ring and an 
aliphatic carbon is of particular synthetic utility to the organic chemist. The 
most common method for accomplishing it is through reaction of an aromatic 
ring (the nucleophile) with an electrophilic carbon atom. 
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vA 
\ ам 
а po —— + Ht 


The concept of carbon as an electrophile is not new to us. An electron- 
deficient carbon atom or its equivalent is one of the reacting components in 
many of the addition and substitution reactions we have encountered. The 
first examples of electrophilic alkylation and acylation of benzene were re- 
ported by Charles Friedel and James Crafts in 1877. A Lewis acid provides the 
necessary catalysis for the reaction of haloalkanes or acyl halides with an 
aromatic ring. The Friedel-Crafts and related reactions are important ways to 
introduce a carbon side chain onto the aromatic ring. 


Alkylation 
CH; 
7) (excess) + CH,Cl АСЫ e 
Toluene 

Acylation 
CH; ^ 


О 
2 
= 3l cuc AICI, 
^a 


1-Phenylethanone 
(Acetophenone*) 


A. Friedel-Crafts Alkylation 


The carbocations required for Friedel-Crafts alkylations are usually gen- 
erated from haloalkanes. Aluminum chloride (AICI3) is probably the most 
common catalyst used for the reactions. Anhydrous conditions must be em- 
ployed because AlCl; reacts violently with water to produce НСІ. Ferric chlo- 
ride (FeCl;), boron trifluoride (BF3), or a strong acid (H3PO4, H2504, or HF) 
can also be used as the acid catalyst. Alcohols or alkenes can provide the alkyl 

Oups. 
е The ease of formation of the electrophilic intermediates reflects the sta- 
bility of the carbocation being produced. Thus we find that the order of reac- 
tivity for the haloalkane is usually allyl or benzyl > tert > sec > prim. For- 
mation of tert-butylbenzene from benzene and a haloalkane, an alkene, or an 
alcohol illustrates substitution by the electrophilic tert-butyl carbocation. 


* "Phenone" is а non-IUPAC suffix which indicates that the acetyl carbonyl group is bonded to 
an aromatic ring. 
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Cl, 
(CHj,CC] + Q =з 
tert-Butyl chloride C(CH3); 
(CH,),C=CH, + C) ВЕ/НЕ 
Isobutylene 
(CHj,COH + e E 
tert-Butyl alcohol 


PROBLEM Propose a mechanism for the formation of tert-butylbenzene in each of 
18-9 the above reactions. 


tert-Butylbenzene 
80-90% 


Involvement of а carbocation as the reactive intermediate intro- 
duces a limitation to Friedel-Crafts alkylations. For example, reaction of 
1-bromopropane with benzene in the presence of aluminum bromide yields 
principally isopropylbenzene. The intermediate has rearranged prior to reac- 
tion with the aromatic substrate. Rearrangement of a primary to a more stable 
secondary carbocation is consistent with similar results observed during sub- 
stitutions at saturated carbon (Sec. 11-3B). 


CH(CH,), CH,CH,CH, 


CO + CH,CH,CH,Br А189, С + @ 


1-Вготоргорапе Isopropylbenzene Propylbenzene 
(Cumene) 
Major Minor 


PROBLEM When 1-bromopropane is treated with aluminum bromide, 2- 


18-10 bromopropane is recovered. Suggest a mechanism for this transforma- 
tion. 


PROBLEM The ratio of propylbenzene to isopropylbenzene obtained when 


18-11 1-chloropropane and benzene react in the presence of AICI, depends on 
the reaction temperature. 


Smet eI 


At — 6°С: 60% 40% 
At 35°C: 40% 60% 


Account for this temperature effect. 
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We might ask if a primary carbocation actually forms in the alkylation 
reactions which produce a primary alkylaromatic. Could ап Sy2 mechanism 
be taking place? 

Attempts to obtain experimental evidence for the Sy2 pathway in 
Friedel-Crafts reactions have failed. It seems that an aromatic ring is normally 
not sufficiently nucleophilic to displace a leaving group from carbon. A tightly 
complexed carbocation-catalyst ion pair is probably involved in the reaction 
with a primary haloalkane reagent. 


PROBLEM The reaction of optically active 1,1,1-trideuterio-2-propanol, benzene, 
18-12 and a BF; catalyst leads to 2-phenyl-1,1,1-trideuteriopropane which is 
>93% racemic. 


CH, 


OH cucp, 
C) + CD,CHCH, 3h, 


Optically Racemic 
active 


a What significance has this result relative to the mechanism of the 
Friedel-Crafts alkylation? 


b Why is the alcohol capable of existing in an optically active form? 


Another limitation of Friedel-Crafts alkylations results from the activat- 
ing effect that alkyl groups have on an aromatic ring. When an alkyl group is 
introduced onto the aromatic ring, reactivity toward a second alkylation is 
increased. The sequence therefore can continue until polyalkylation has oc- 
curred. Although use of an excess of the aromatic compound favors 
monoalkylation, the synthetic utility is reduced. 


© + сн.“ Ac, Methylbenzene + polymethylbenzenes 
(Toluene) 


PROBLEM Draw structural formulas and provide a name for all of the polymethyl- 
18-13 benzenes which might form on Friedel-Crafts methylation of toluene. 


Alkyl groups may also rearrange to different positions around the aro- 
matic ring during the alkylation reaction. The Friedel-Crafts alkylation is suffi- 
ciently reversible that alkylation-dealkylation ultimately leads to the thermo- 
dynamically most stable product. 
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PROBLEM 
18-14 


Friedel-Crafts isomerization of alkylbenzenes is fastest with tert-butyl 
migrating groups and slowest with methyl groups. What does this indi- 
cate about the character of the migrating species? 


We see that the Friedel-Crafts alkylation reaction has limitations in syn- 
thesis. It is effective only when product mixtures are easily separated or reac- 
tion conditions can be so controlled as to favor one desired product. The more 
useful reaction for creating a carbon-carbon bond to an aromatic ring is the 
Friedel-Crafts acylation reaction considered below. 


. Friedel-Crafts Acylation 


In contrast to the alkylation reaction, Friedel-Crafts acylation is an excel- 
lent method for introducing a carbon side chain onto an aromatic ring. The 
acylation product is an aromatic ketone which can be utilized itself or reduced 
to an alkyl aromatic. The acylating reagent is usually an acyl halide, although 
anhydrides and carboxylic acids are also employed. An excess of 1 mole of 
catalyst is required, since the first mole complexes with the carbonyl group. 
The actual electrophile is an acyl cation existing as an ion pair with the cata- 
lyst. 


o 
VA .. 
КС +АСЬ == [RC=O: + > RC=Ö:] АС; 
cl 


Н; CH; 3 Hs 
о О! 
и AICI, Sli 
nC Psp c 
d COGH, 


COC,Hs 
Toluene Benzoyl chloride ortho- meta- para- 
7% 1% 92% 


Methylbenzophenones 
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ең” M d 
ОООО 


Phenylacetyl chloride Benzyl р ketone 
85' 
OCH,CH,CO,H 
zs AICI, 
сн? 
Ѕиссіпіс anhydride ГЕОЛ, acid 


PROBLEM Suggest a mechanism for the reaction of acetyl chloride with benzene 
18-15 in the presence of an aluminum chloride catalyst. 


PROBLEM When acetyl chloride is treated with isotopically labeled aluminum 
18-16 chloride, the labeled chlorine atoms (СІ*) slowly appear in the acetyl 
chloride molecule. 


[o о 
сњс^ аер сњс^ 
cl се 


What relevance has this result to the mechanism of the Friedel-Crafts 
acylation reaction? 


PROBLEM Why is a minimum of 2 moles of the aluminum chloride catalyst re- 
18-17 quired when an anhydride is the acylating reagent? 


Formyl chloride and formic anhydride, the logical Friedel-Crafts precur- 
sors for formation of benzaldehydes, are not stable reagents. Instead, formyl 
fluoride with a boron trifluoride catalyst has proved useful for formylation of 
an aromatic ring. The method appears to be quite general. 


CH; Ha 
HO 
BE,/CS. 
+  HCOF E 
CH; CH; CH; CH; 
1,3,5-Trimethylbenzene — Formyl fluoride 2,4,6-Trimethylbenzaldehyde 


(Mesitylene) (Mesitaldehyde) 
70% 
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The major synthetic limitations encountered in Friedel-Crafts alkylations 
are absent in the acylation reactions. Introduction of the first acyl group deac- 
tivates the ring toward further substitution. Rearrangement is not a problem. 
Isomer mixtures are minimized because para substitution predominates, 
probably owing to the size of the acyl-catalyst complex. 

Friedel-Crafts acylation (or alkylation) does not take place on strongly 
deactivated aromatic compounds. Haloaromatic compounds can be acylated, 
but nitroaromatics usually cannot be. In fact, nitrobenzene has been used as 
the reaction solvent. Aromatic amines (anilines), and in some cases phenols, 
are resistant to the reaction because a deactivating complex forms between 
the oxygen or nitrogen atom, a Lewis base, and the Lewis acid catalyst. 
Anilines and phenols are usually protected (Sec. 20-2D) by conversion to an 
amide or ester prior to the Friedel-Crafts reaction. 


NH, NHAc NHAc NH, 
CH,COCI 1) H,O+ 
e + AcO — С) АС, Q 2) HO- Ф 
CH,C=O CH,C—O 
Aniline Acetic Acetanilide p-Aminoacetophenone 
anhydride 
OH Ac Ac OH 
CH; CH, CH, CH, 
+ Ac,O C,H,COCI H,O+ 
AICI, 
C,H,C—O CG,HC—O 
2-Methylphenol 4-Hydroxy-3-methylbenzophenone 
(0-Cresol) (4-Benzoyl-2-methylphenol) 


Intramolecular cyclization of a 8- or y-aryl acyl halide is a very useful route to 
polycyclic compounds. 


CH,CH,COCI 
CI AICI/C,H, 
oc 


о 
3-Phenylpropanoyl chloride 1-Hydrindanone 
90% 
CH,CH,CH,COCI 
мемы 
4-Phenylbutanoyl chloride 1-Tetralone 
91% 


Aromatic alkylation is often accomplished through Friedel-Crafts acyla- 
tion followed by reduction of the carbonyl to a methylene group. Two meth- 
ods of reduction are usually employed. 
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The Wolff-Kishner reduction involves treating the hydrazone of the ke- 
tone (Sec. 8-6B) with a strong base. 


NaOAc 


(C4Hj,C—O + H,NNH, - HCl “=> 
Benzophenone Hydrazine Hy 
hydrochloride 
KO?-Bu/t-BuOH 
(CgHs)oC=NNH, ae > (C4H3)) CH, 
Benzophenone hydrazone тиреу нале 
90 


Q + CH,CH,cocl Eb, 
Propanoyl chloride о 
CCH,CH CH,CH,CH 
т 5. HANNH,/KOH 263 
Жуу glycol 


1-Phenyl-1-propanone Propylbenzene 
(Propiophenone) 80% 

The complementary Clemmensen reduction is carried out in a strongly 
acidic medium. The ketone is refluxed with zinc amalgam (an alloy of zinc 
and mercury usually formed from zinc metal and a mercuric salt) in hydro- 
chloric acid and acetic acid mixtures. 


T ) ix. ешле, C CH,CH; 


Acetophenone Ethylbenzene 
80% 


C. Other Methods of Aryl-Carbon Bond Formation 


Arylmagnesium (Grignard) and other arylmetallic compounds are rea- 
gents often used for connecting an aromatic ring to an alkyl group. The se- 
quences involving arylmetallics are easily as important as the Friedel-Crafts 
reactions in the synthetic chemistry of aromatic compounds. 


Br 
Ces m Cm 
MgBr HOCHC;H; 


1) C,H,CHO/Et,0 


2) HO* 
Phenylmagnesium bromide 1-Phenyl-1-propanol 
г i HOCHC,H, 
n-C,H,Li 1) C,H,CHO/Et,0 
2) H,O+ 
Phenyllithium Diphenylmethanol 


(Benzhydrol) 
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PROBLEM 
18-18 


Though prominent in the chemistry of aromatic compounds, arylmetal- 
lic reagents are not classified mechanistically with compounds which undergo 
aromatic substitution. The aromatic ring has only a small influence on the 
chemistry of arylmagnesium or -lithium reagents. Their reactions are associ- 
ated with the polarity of the carbon-metal bond, and, as nucleophiles, they 
are more properly considered along with their alkyl analogs (Sec. 8-5). 

Aromatic compounds undergo a variety of electrophilic substitution re- 
actions with aldehydes and ketones. The aromatic ring adds to the carbonyl 
group in a manner similar to the aldol and related reactions (Sec. 12-2). The 
reactions involve substitution on the aromatic ring by addition to a carbonyl 
carbon atom. 

One sequence, known as hydroxyalkylation, utilizes formaldehyde as 
the carbonyl compound. Reaction conditions can be acidic or basic. The reac- 
tion has been economically important in the industrial preparation of phenol- 
formaldehyde resins (Sec. 25-2) and DDT (Sec. 11-2C). Hydroxyalkylation has 
limited applications in laboratory synthesis since multiple substitution by the 
carbonyl reagent often occurs. 


но ў+ HCHO 380. но cron 


Phenol Formaldehyde p-Hydroxybenzyl alcohol 
CH; 
но ) + (CH,),C=0 1:50, но + 4 9 
CH, 
Phenol Acetone 2,2-Di(p-hydroxyphenyl)propane 
(Bisphenol A) 


DDT is produced by the acid-catalyzed reaction of trichloroacetal- 
dehyde (chloral) and chlorobenzene. Suggest a mechanism for this 
commercially important process. 


CI 


ClCCHO + x Ya THEO, CLCCH (DDT) 


CI 
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Reaction of an aldehyde with an aromatic ring in the presence of a halo- 
gen acid can lead to haloalkylation, i.e., the introduction of an a-haloalkyl 
side chain. The most common example of this reaction utilizes formaldehyde 
with hydrogen chloride and is known as chloromethylation. The alcohol pro- 
duced initially is converted to the corresponding chloro derivative as rapidly 
as it is formed. 


ete Ru RR o 


Papel ch chloride 
H H 
CH;CI 
+ HCHO + на #82, 
NO, NO, 
p-Nitrophenol ны 


The potential synthetic utility of aromatic aldehydes has focused consid- 
erable interest on the formylation reaction. Before development of the Friedel- 
Crafts acylation with formyl fluoride (Sec. 18-2B), many methods were devel- 
oped to replace the unattainable formyl chloride. Most approaches are of 
rather limited synthetic scope. 

The Gattermann-Koch synthesis makes use of carbon monoxide and 
hydrogen chloride under pressure to accomplish formylation. The reaction is 
of some industrial importance. In the laboratory, cuprous chloride is a catalyst 
used instead of high pressure. 


О) + CO + на AO/C Ch , ыс 


Benzaldehyde 
90% 


Phenols react with chloroform in the presence of a strong base to pro- 
duce an aromatic aldehyde. The procedure, known as the Reimer-Tiemann 
reaction, is rather limited and gives poor yields, but it is mechanistically inter- 
esting. The electrophile is a dichlorocarbene produced by the reaction of 
chloroform with the base (Sec. 15-3F). 


н н 
dn CHO 
1) CHCl, 
+ NaOH Эно › 
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via 


PROBLEM Predict the major product(s) in each of the following reactions. Name 
18-19 each product. 


a С) + CH,CH—CH, 22, 
с 
сн, 
1) Mg/Et,0 
b 2) H,O+ 
С(СН,); 

c > + CH,COCI AI. , 
I) Mg/EtO , 
2)CH,CHO " 

Br 3) H,O*/A 
CH, 
e £a + (CH,CO),0 25/0, 
CH; 


uh OO 
AICI, 
C. C,H,NO, 
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H,CH, 


BF,/CS, 


+ HCOF 


D. Metallocenes 


A rather interesting series of aromatic transition metal complexes (Sec. 
15-4) are the metallocenes. Ferrocene (dicyclopentadienyliron), a thermally 
stable (mp 173°C) orange crystalline material, was first isolated in 1951 from 
the reaction of cyclopentadienylmagnesium bromide with ferric chloride. The 
process involves reduction of the iron from ferric to ferrous. Ferrocene has a 
“sandwich” structure in which the ferrous atom is located between the faces 
on two cyclopentadienyl rings. 


The bonding in ferrocene involves sharing of the six electrons from each 
cyclopentadienyl ring with the iron atom. Those twelve electrons plus the six 
outer electrons of ferrous ion provide iron with a favorable eighteen-electron 
inert gas configuration. 

Cyclopentadienyl metallocenes involving many other transition metals 
are known. Most are prepared from cyclopentadienyl anion and metal salts. 


2С5Н5Ма* + MX; — (CsHs)2M + Мах» 


Ruthenocene (М = Ru) and osmocene (М = Os) are very stable complexes 
because, like iron, their metals attain favorable inert gas configurations on 
complexation with two cyclopentadienyl rings. These three metallocenes 
have similar reactivities, though ferrocene has been studied most extensively. 

The cyclopentadienyl rings of ferrocene are aromatic and undergo some 
reactions similar to those of benzene. Ferrocene is normally more reactive 
than is benzene in electrophilic substitution, an observation which suggests 
that the pi electrons are more available. Friedel-Crafts acylation readily takes 
place with acetic anhydride using mild acid catalysts. 


(C,H3)Fe + (CH,CO),0 HP, CH,COC,H,FeCsHy 


Substitution by one acyl group deactivates ferrocene toward further sub- 
stitution. A second acylation can be accomplished using a better acid catalyst 
such as aluminum chloride. Reaction takes place on the unsubstituted ring. 
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The fact that a stronger catalyst is required shows that electronic character of 
the metallocene does transfer from one ring to the other. 


AICI, 
CH,COC;H,FeC;H; + (CH,CO),0 ——> Fe(C,H,COCH,), 


Ferrocene undergoes ring metallation to give intermediates useful for 
further synthesis. Halogenation and nitration of ferrocene must be carried out 
by indirect methods since metallocenes are readily oxidized by the substitu- 
tion procedures commonly used for those substituents. 


Fe(C;Hj, PU, c Hrec.H,Li P, росон), 
1) CO, 1) CO, 
2) H,O 2) H,O 


CsH;FeCsH,CO,H ^ Fe(C,H,CO,H), 
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Although electrophilic substitution is by far the more general reaction of 
aromatic compounds, nucleophilic substitution does occur. In fact, the early 
industrial preparations of phenol and aniline were nucleophilic substitution 


processes. 
СІ NH, 
High pressure 
+ NH, ис ^ 
Chlorobenzene Aniline 
cl 
High pressure 
+ NaOH C H 
or 
SO4Na 
© + Маон —®=© са 
Sodium 


benzenesulfonate 


Nucleophilic aromatic substitutions resemble a variety of the processes 
which we have already encountered. Many of the reactions involve initial 
addition of the nucleophile to the aromatic ring followed by departure of a 
leaving group. This sequence has many similarities to nucleophilic substitu- 
tion on carboxylic acid derivatives (Sec. 9-1). Other reactions are believed to 
proceed through an aromatic cation or in some cases by initial 1,2-elimination. 
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The common characteristic of all these processes is that aromaticity is retained 
in the final product. 


. The Addition-Elimination Mechanism 


As a clue to understanding one mechanism of nucleophilic aromatic 
substitution, let us examine the reaction of an amine (the nucleophile) with 
chlorobenzene or nitro-substituted chlorobenzenes. Reaction takes place with 
the substituted chlorobenzenes but not, under similar conditions, with chlo- 
robenzene itself. The nitro group clearly has a significant influence on the rate 
of reaction. 


1 


+ CH4NH, (excess) мен, no reaction 


Chlorobenzene Methylamine 
1 МНСН, 
+ 
+ CH,NH, (excess) хон. + CH,NH,CI- 
NO, NO, 
N-methyl. 
p-Nitrochlorobenzene Misa nan 
1 NHCH, 
NO, NO, 
EtOH а 
+ CH4NH, (excess) uc + CH;NH,CI- 
NO, NO, 
2,4-Dinitrochlorobenzene N-methyl-2,4- 
dinitroaniline 


We know that the nitro group is an excellent electron-withdrawing 
group. It is therefore reasonable to assume that nitro lowers the activation 
energy of the reaction by stabilizing the negative charge generated as the 
nucleophile adds to the aromatic ring. A series of resonance structures can be 
drawn to illustrate that stabilization. Departure of chloride completes the sub- 
stitution process. By analogy with the mechanism of electrophilic aromatic 
substitution, an addition-elimination mechanism seems probable for nucleo- 
philic aromatic substitution. 


CH,NH, — 
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* 
CH;NH,Cl снн, а сн,МН, Cl CH,NH, Cl CH,NH 
pm m Q E riu 
+ N+ + + 
а Ерлат пре че МО, 
bo 998 - ri^ Vos А ó:- Lago 2 


PROBLEM Nucleophilic aromatic substitution meta to the nitro group does not 
18-20 normally occur. By using m-chloronitrobenzene as the substrate, show 
why meta substitution is not favorable. 


PROBLEM Provide an explanation for the observation that nucleophilic substitu- 
18-21 tion on 4-bromo-2,6-dimethylnitrobenzene is considerably slower than 
on 4-bromonitrobenzene. 


Kinetic studies demonstrate that these reactions are second-order: first- 
order in nucleophile and first-order in the aromatic substrate. Probably the 
most convincing evidence that addition is a reasonable initial step was pro- 
vided by the isolation of a stable adduct from potassium ethoxide and the 
methyl ether of 2,4,6-trinitrophenol (picric acid). Many other examples of 
such Meisenheimer complexes have since been prepared. 


CHO CH,O_ осн, 
NO, NO, NO; NO, 
+ KOC Hee Ss @ K* 
n NO, NO, 
1-Methoxy-2,4,6- A Meisenheimer complex 
trinitrobenzene 
(Methyl picrate) 


PROBLEM Why is 2,4,6-trinitrophenol (picric acid) named as an acid? 
18-22 


PROBLEM What major factor contributes to the stability of the Meisenheimer 
18-23 complex from methyl picrate? 
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The addition-elimination mechanism for nucleophilic substitution is 
most common with aromatic compounds containing good electron-withdraw- 
ing substituents. A halide or the sulfonic acid group is displaced most often in 
this ipso substitution process (Sec. 18-1E) since substitution for a hydrogen 
atom would require departure of hydride, a rather poor leaving group. A 
variety of nucleophiles have been employed. High temperatures are usually 
required and side reactions may compete. 


a NH, 
NO, m NO, 
VNB, ES, 


NO, NO, 
2,A-Dinitrochlorobenzene 2,4-Dinitroaniline 
76% 
SO,H OH 


PNO 2002-3006... 


CH; CH; 
4-Methylbenzenesulfonic 4-Methylphenol 
acid (p-Cresol) 
72% 
OH cl 
KOH, / . FW 
+ > O МО, 
® a ran rA pane 
NO, 
Phenol 4-Chloronitrobenzene Phenyl a ether 
8; 


PROBLEM As one possible mechanism for nucleophilic aromatic substitution we 
18-24 might have considered an Sy2-like concerted displacement by a nucleo- 
phile on the carbon atom to which the leaving group is bonded. Com- 

ment on this potential pathway. 


PROBLEM The rates of nucleophilic substitution of nitrohalobenzenes depend on 
18-25 . the halogen displaced. The order Е >> Cl > Br > I is the opposite of 
what we observe as leaving-group ability in most other substitution 


reactions. How is this information consistent with the two-step mecha- 
nism for nucleophilic aromatic substitution? 
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PROBLEM Explain why the synthetic chemist will normally prepare an aryl alkyl 
18-26 ether from the phenoxide plus haloalkane rather than the alkoxide plus 
haloaromatic. 


B. The Elimination-Addition Mechanism—Benzyne 


Reactions of substituted halobenzenes with a strong base lead to prod- 
ucts of nucleophilic substitution. But the products are often surprising, for 
monosubstitution by the base-nucleophile can give a mixture of isomers. The 
position of substitution does not necessarily correspond to the carbon atom 
from which the leaving group departs. 


3 3 H; 
350°С 
+ NaOH но * + 
H 
: acu ND D NUM 


p-Chlorotoluene Methylphenols 
Н; 3 3 3 
2 
+ NaNH, #0, + + 
СІ NH, 
NH, 
—————————————À 
m-Chlorotoluene Methylanilines 


Investigations of these results in the 1950s led to the proposal that the 
reaction involves initial elimination of HX by the strong base. The unstable 
intermediate that is formed contains a triple bond within the benzene ring 
and is known as a benzyne, а 1,2-dehydrobenzene. Addition of the nucleo- 
phile (base) in a second step can take place at either end of the triple bond and 
leads to the products observed. 


CH; Н; Š CH; 
-HCI H,O я С) 
o» HO 
CI H 


4-Methylbenzyne 


PROBLEM 


18-27 


PROBLEM 


18-28 


18-3 Nucleophilic Aromatic Substitutions 667 


CH; 


NH, 


CH, CH; 
H. CL дЕ 
íi Ф МН, 
—на NH, 
а н, н; CH, 

NH 
ps i | 

ENDS 4 

H, 


As surprising as the existence of this intermediate may seem, there is 
strorig evidence for benzyne. Product studies such as those illustrated above 
provided the first clue to that mechanistic explanation. The order of halogen 
reactivity is I > Br > С] > Е, as is expected when loss of that atom during 
elimination is the rate-controlling step. Benzyne has even been trapped by a 
Diels-Alder reaction (Sec. 16-3A). 

A result consistent with the benzyne mechanism involves the reaction of 
2,6-dimethylchlorobenzene with sodium amide in liquid ammonia. No substi- 
tution takes place because there are no hydrogen atoms beta to the halogen 
for the elimination step. 

CI 
CH, CH, 
+ NaNH, NHAD, No reaction 


2,6-Dimethylchlorobenzene 


Why does nucleophilic substitution of chlorobenzene take place 


through a benzyne mechanism, whereas nucleophilic substitution of 
chloronitrobenzenes proceeds via the addition-elimination sequence? 


Roberts and coworkers carried out an important experiment to demon- 
strate the existence of benzyne. Chlorobenzene labeled with "^C at the 
position to which the chlorine is attached was treated with sodium 
amide in liquid ammonia. The aniline produced was analyzed to deter- 
mine the position of the '^C label. The results are indicated below. 
Show how these data are consistent with the benzyne intermediate. 


cl NH, мн, 
А 
ООО 
50% 50% 
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When benzyne is produced by elimination using a strong base, that base 
is also the nucleophile which adds to the benzyne and forms the substitution 
product. It is also possible to produce benzyne by a procedure which does not 
involve a strong base and thus allows a nonbasic nucleophile to add to the 
intermediate. One such method is the thermal decomposition of the diazo- 
nium salt derived from 2-aminobenzoic acid (anthranilic acid). Pentyl nitrite 
(amyl nitrite) is used to prepare the diazonium salt. 


NH, CNS 
*/THF CH,OH/A 
O,H C 
2-Aminobenzoic acid Pentyl nitrite 
(Anthranilic acid) (Amyl nitrite) 


| 
d 
OCH, 
Q +N, + СО, СњОн, CY 


Benzyne Methoxybenzene 
(Anisole) 


PROBLEM Diphenyl ether was a major side product during the early commercial 
18-29 development of the formation of phenol from chlorobenzene and so- 
dium hydroxide at about 400°С. Modern processes control reaction pa- 


rameters so as to selectively produce one or the other of these important 
products. Suggest a mechanism (or mechanisms) for the formation of 
the diphenyl ether. 


C. The Aryl Cation Mechanism— Diazonium Salts 


Aryl diazonium salts hydrolyze in water to produce the corresponding 
phenols. The net result of the reaction is substitution of the nucleophile 
(water) for the diazonium group. 


NH, МНО; 


OH 
+ NaNO, + Н,50, “22 ae, С : 
NO, NO, NO, 


m-Nitroaniline m-Nitrophenol 
86% 


There is evidence that the reaction proceeds through an aryl cation. The driv- 
ing force for formation of this reactive cation is departure of the good leaving 
group nitrogen. 


CgHs—Ni — CH? + № M8, СН, Nu 


PROBLEM 


18-30 


PROBLEM 


18-31 


PROBLEM 


18-32 
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The following isomerization of isotopically labeled p-toluene- 
diazonium-N fluoroborate was observed during hydrolysis. How 
does this occurrence relate to the existence of a phenyl cation in diazo- 


nium salt reactions? 


* H,O* T 
p-CH,C,H,—*N-N BE; == p-CH,C,H,-N=N* BF; 


The reaction of a tert-butyl cation with chloride is about 180 times 
faster than with water. The similar comparison using the phenyl cation 
generated from benzenediazonium chloride gives a rate ratio of about 
3. Account for the lower selectivity of the phenyl cation. 


Predict the major product(s) in each of the following reactions. Name 
the product and provide a mechanism for its formation. 


C 
+ NaOGH ios 


СІ 
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A series of diazonium salt substitution reactions use the cuprous salts of 
various nucleophiles. The process, which is known as the Sandmeyer reac- 
tion, is believed to proceed by a free-radical mechanism (Chap. 24). The reac- 
tion is useful in synthesis because substitution is regiospecific in replacement 
of the diazonium group; that is, the substituting group bonds only to the 
carbon which initially bonded the amino group. The reaction is a general 
method for preparing chloroaromatics. 


C 
CuCl 2 
SS 
NH, N3HSO; 
CH, 
NaNO,/H,SO, p-Chlorotoluene 
NCU, о 
H,0/0°C 44 
Вг 
Н; H; 
p-Methylaniline CuBr = 
(p-Toluidine) 
EM 
CH, 
p-Bromotoluene 
73% 
NH, N 
* 1 NaNO,/HCI/H,0/0°C i 
2) CuCN 
o-Methylaniline o-Methylbenzonitrile 
(o-Toluidine) 
МН, 1 
1) NaNO,/HCI/H,0/0°C в Br 
2) KI/H,O (no copper catalyst needed with iodide) 
o-Bromoaniline 1-Bromo-2-iodobenzene 
83% 


PROBLEM Dinitration of benzene gives less than 1% p-dinitrobenzene. Show how 
18-33 CuNO, can be employed in the Sandmeyer reaction to prepare this 
product from benzene. 


Substitution by fluorine does not take place under the conditions of the 
Sandmeyer reaction. A closely related process involves the thermal decompo- 
sition of a diazonium tetrafluororborate—the Schiemann reaction—or a mod- 
ified version of the reaction using hexafluorophosphoric acid. 


PROBLEM 


18-34 
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NjBF; 


NH; 
1) 2) NaNO,/HC/10*C › 


Aniline Benzenediazonium ЦЕ вне 


tetrafluoroborate 


Br 
NH, 2) NaNO,/HCI/—5°C , МЇРЕ; 170°C N, + PE 
ШОНЫ ОЮЛ + № + PF; 


o-Bromoaniline o-Fluorobromobenzene 
57% 


One of the most useful synthetic applications of a diazonium salt is in 
the replacement of № by a hydrogen atom. Hypophosphorus acid is the 
most common reagent used for the reaction, although sodium borohydride 
has also been employed. The sequence shown below allows the chemist to 
make use of the ortho-para orientation by an amino group and then to remove 
that substituent from the molecule. 


NH, NH, Ñ, Cl- 
Br. Br Br. Br 
"s HO NaNO,/RCI H,PO, 
H,0/0°C ^ 
Br т 


Br. Br 


T 
1,3,5-Tribromobenzene 


Aryl diazonium salts are often explosive when dry. They should be han- 
dled with particular care. Usually the diazonium salt is prepared near 0°C and 
used without isolation. 


Account for the experimental observation that aryl diazonium salts are 


considerably more stable than alkyl diazonium salts. 


. Nucleophilic Substitution via Thallium Derivatives 


One of the newer synthetic methods for aromatic substitution involves 
the use of aryl thallium compounds. Although the method is not extensively 
used, the reactions can be valuable because the initial thallation step proceeds 
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with high regiospecificity; that is, only one isomer is usually obtained. Thal- | 
lium trifluoroacetate is the thallation reagent. 


CH; CH; 
+ TKO,CCEj, CHEM 
TI(O;CCE;), 
Toluene Thallium Tolylthallium 
tris-trifluoroacetate litrifluoroacetate 
75% 
CH,CH,CH, CH,CH,CH, 
+ TI(O,CCF,), IM 
ТІКО,ССЕ,), 
Propylbenzene m-Propylphenylthallium 
ditrifluoroacetate 
78% 
CO,H OH 
TI(O;CCFj), 


+ T(O;CCEj, CE. 


Benzoic acid миа 
ditrifluoroacetate 
79% 


Orientation in aromatic thallation exemplifies some of the kinetic factors 
developed in our discussions of aromatic reaction mechanisms. The para sub- 
stitution on toluene is expected from the orienting effect of an alkyl group 
(Sec. 17-2B). The absence of any ortho isomer is due to the steric requirements 
of the large reagent. 

Formation of a meta product is the result of isomer stability, i.e., equilib- 
rium control of product formation. Thallation is a reversible reaction since the 
carbon-thallium bond is relatively weak—about 26 kcal/mol (110 kJ/mol). The 
para isomer forms faster, but equilibrium is rapidly established at an elevated 
temperature to give the more stable meta isomer. 

The ortho isomer obtained from benzoic acid results from complexing 
between the carboxylate oxygen atom and the reagent. Thallation is directed 
to the ortho position. 


NO 
‘TI(O,CCF,), 


The principal synthetic utility of the thallation reaction is substitution for 
the thallium substituent by a nucleophile. Aryl thallium compounds are easily 
converted to a single product isomer. It is usually not necessary to isolate the 
aryl thallium intermediate, so the total conversion can be carried out in one 


18-4 Synthesis with Aromatic Compounds 673 


sequence. Most thallium compounds are toxic and should be handled care- 


fully. 
TI(O;CCF3) CN 
KCN/H,O 
CH; CHCH; 
Ethylphenylthalli -l 
p- n АЛУ ы P М жаш 
I(O;CCFj); D 


+ LiAID, HE, 


Phenylthallium Deuteriobenzene 
ditrifluoroacetate 


1) T(O,CCE),/CF,CO,H 
2) KI/H,O 


C(CH3)3 C(CH3); 
tert-Butylbenzene еее 
93 


18-4 Synthesis with Aromatic Compounds 


We have repeatedly seen that a major goal of the organic chemist is the 
manipulation of chemical structures so as to attain some desired product. The 
benzenoid nucleus surely offers a rich source of potential syntheses through 
reaction directly on the aromatic ring. 

But the chemistry of aromatic compounds is considerably broader than 
reactions on the aromatic ring. Once a substituent or carbon side chain is 
attached to the ring, the product can undergo two types of reactions. Substi- 
tution may take place on the ring, or substituent groups can undergo reac- 
tions typical of aliphatic compounds. In some cases the same reagent can 
react selectively at either part of the molecule depending upon reaction condi- 
tions. 

CH; 
Electrophilic aromatic 


Я CI halogenation 
(Sec. 18-1B) 
+ Ce CH,Cl 
Light Photochemical 
halogenation 


(Sec. 27-2) 
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The present section introduces the application of organic reactions to the 
synthesis of aromatic compounds. Chapter 20 will explore the general synthe- 
sis of complex organic compounds. 


. Manipulation of Ring Substituents—Synthesis Strategy 


Substitution of a group onto benzene introduces characteristics of orien- 
tation and activation inherent to that particular substituent. In designing a 
synthesis it is necessary to consider such factors. The ideal synthesis would 
be one in which each substituent was introduced in high yield and there was 
no need to separate isomer mixtures. Although that ideal is difficult to accom- 
plish, careful planning of the synthesis pathway can lead to very satisfactory 
product formation. 

As an example, consider preparation of the azo compound A to be used 
as a dye. Toluene is the major raw material, along with other necessary or- 
ganic and inorganic reagents. 


CH, CH, 
Cr 


A 
(The target) 


In planning our synthesis we first recognize that the target can be di- 
vided into two fragments that are toluene derivatives. The two aromatic rings 
are connected by the azo group. This suggests that the final product might be 
formed by a coupling reaction (Sec. 18-1D). But which side of the molecule 
should be the diazonium salt precursor in our scheme? 

Recall that the diazonium coupling reaction is favorable on activated 
rings. We should therefore utilize the phenolic portion of the molecule as the 
substrate on which the diazonium group substitutes. 


CH; CH, CH, CH, 
Оне om gms Cen (у 


Now we must construct the two precursor molecules from toluene. Both 
are ortho-substituted toluenes. Furthermore, the phenol (o-cresol) can be pre- 
pared from the same diazonium compound with which it will ultimately cou- 
ple. One intermediate compound can serve in both parts of the reaction. 


CH; CH, 
ВЕ soe (Son 


The required diazonium salt is prepared from the corresponding amine, 
which comes from nitration, then reduction, of the starting toluene (Sec. 18- 
1A). 
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i CH; CH, 
NO, 
+ HNO, S9, + 
NO, 
(mp —9°C, (mp 52°C, 
bp 222°C) bp 239°C) 


Separate isomers 


Н; 3 
NO, NH cr 
Fe/HCI ' teoma, 
——À 


Separation of the ortho- and parg-nitrotoluenes illustrates one of the prac- 
tical considerations in many aromatic syntheses. The boiling points of the two 
isomers are too close together for efficient separation by distillation. The melt- 
ing points are quite different, which suggests that crystallization might be a 
method of separation. The more symmetrical para isomer typically has a 
higher melting point because the molecules can fit into a tighter crystal lattice. 
Separation by chromatography is another potential approach. 

Consider another synthesis problem. Assume that we want to prepare 
3-bromo-4-propylphenol from benzene and other organic and inorganic rea- 
gents. Consider the following reactions for the synthesis: direct bromination 
(Sec. 18-1B) to provide the bromine substituent; Friedel-Crafts alkylation (Sec. 
18-2A) or acylation followed by reduction (Sec. 18-2B) for introduction of the 
propyl group; and hydrolysis of a diazonium salt (Sec. 18-3C) or substitution 
by hydroxide (Sec. 18-3A) to give the hydroxy group. 


OH 


Br 
CH,CH,CH, 
The target 


We must now choose among the possible reactions to see which are the 
best for our specific synthesis problem. Of particular concern will be directing 
effects as each substituent is introduced. Acylation of benzene, the preferred 
Friedel-Crafts route for adding a C; side chain, places a meta-directing group 
on the ring. Since no substitutions will be required meta to that acyl group, it 
is reduced to the desired propyl side chain. Subsequent nitration is directed to 
the ortho and para positions. Separation of the isomers is followed by bromi- 
nation of the para-substituted compound to give the required substitution 
pattern as controlled by the ortho-para-directing alkyl group (Sec. 17-2E). The 
synthesis is completed by reduction of nitro to amino (Sec. 18-1A) followed by 
diazotization and hydrolysis. 


676 


NO; NO, 
Br,/FeBr, Sn/HCI z NNOO fuge 
Br Br Br 
CH;CH,CH, CH,CH,CH, CH,CH,CH, CH,CH,CH, 
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NO, 
+ 
NO 
CH,CH, CH,CH,CH, 


Separate isomers 


NH, H 


Another closely related sequence would introduce the groups in a differ- 
ent order. In this sequence nitro is introduced first, then is used to direct 
bromine to the meta position. Nitro then is converted to hydroxy via reduc- 
tion and a diazonium salt sequence to provide ortho-para orientation in the 
subsequent acylation step. Hydroxy is protected prior to acylation, since the 
Friedel-Crafts reaction does not proceed well in the presence of a free hydroxy 


group. 


NO, NO, 
@ pvc @ duit, s sma, 
NH; 
3) NANO/H,SO /H,O/o*C | АчО, =. єн,сн,сосу/лс, , 
ue УНИАН 
Br 


Ас Ас 


caet 


CH,CH,C—O 
i sa 
Ас ОН 


Вг T 
CH,CH,C=O CH,CH,CH, 
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Synthesis strategy would probably favor the first sequence, since it is 
better to have lower-yield steps, such as the step related to isomer separation, 
early in the synthesis. The second pathway also introduces an extra step in 
protecting the hydroxy group. 


PROBLEM Suggest a synthesis sequence for the preparation of each of the follow- 
18-35 ing compounds beginning with benzene. Comment on any critical fea- 
tures of your methods. 


B. Oxidation and Reduction of Aromatic Compounds 


The chemical stability of an aromatic ring has allowed chemists to use 
oxidative degradation of alkyl side chains as a method of structure elucida- 
tion. Vigorous oxidation with dichromate or permanganate leads to arenecar- 
boxylic acids in which the position of the carboxy group indicates the location 
of the original side chain. АП arenecarboxylic acids are solids with well-estab- 
lished melting points. Before modern spectroscopic methods became avail- 
able, the oxidative degradation method was widely used for structure proof. 
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А COH 
CH; COH D 
Na,Cr,0;/H,SO, , 
A 


o-Xylene 1,2-Benzenedicarboxylic acid 
(Phthalic acid) 
mp 210°C 
Hs (OH 
о KMnO,/NaOH 
——À——À 
| A 
бен, COH 
m-Methylacetophenone 1,3-Benzenedicarboxylic acid 
(Isophthalic acid) \ 
тр 348°С 
HCH; 'O,H 
K,Cr,0,/HOAc 
as > 
А 
CH,CH, OH 
p-Diethylbenzene 1,4-Benzenedicarboxylic acid 1 
(Terephthalic acid) 
mp 425*C 


Oxidation has many synthetic applications in the preparation of aro- 
matic carboxylic acids. The catalytic oxidation of toluene with oxygen is a | 
major commercial route to benzoic acid. 


А O;H 
то; Снов 


Toluene Benzoic acid 


Substituents such as nitro and halogen are usually stable to the oxida- 
tion procedure, so that substituted benzoic acids can be prepared. 


з О.Н 
Na CrO/H,S0, 
ее, 
4 
№, NO, 
p-Nitrotoluene p-Nitrobenzoic acid 


$ O;H 
CI Cl 
KMnO, 
a 


o-Chlorotoluene o-Chlorobenzoic acid 
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Dilute nitric acid is sufficiently mild to allow the selective oxidation of 
only one side chain. Oxidation usually occurs at the longer side chain or the 
substituent bearing an oxygen functional group. 


ev y CH; HNO,/H,O 
p-Xylene cut сон 


cud \ cuc, Nov? p-Methylbenzoic acid 
aa (p-Toluic acid) 
p-Ethyltoluene 
HN! o 
excu onon OH, ch cu, / \ сон 
p-Ethylbenzyl alcohol p-Ethylbenzoic acid 


The haloform reaction (Prob. 12-38) is another very selective method for 
converting an acetyl substituent to a carboxylic acid. 


ссн, чу we (3 CO,H + СН 


PROBLEM Saccharin can be prepared from toluene by a synthesis sequence in 
18-36 which the last step involves the intramolecular formation of a mixed 
imide. 


о 
CH, CO,H 
or Many steps H,O+ NH 
РА 
SO,NH, 50, 


Saccharin 


Suggest a synthesis sequence for the conversion of toluene to the sac- 
charin precursor. 


Oxidation of phenols or anilines produces a class of compounds known 
as quinones. Quinones are nonaromatic conjugated cyclohexadienones 
which are usually colored compounds. In addition to the common oxidizing 
agents such as dichromate and periodate, potassium nitrosodisulfonate 
(Fremy's salt) is widely used for the preparation of quinones. 
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H 
б №,С0,/Н,60,/Н,О 


Phenol p-Benzoquinone 
(1,4-Benzoquinone) 
Yellow color 


OH 
OH O 
NalO,/H,O 


1,2-Dihydroxybenzene o-Benzoquinone 
(Catechol) (1,2-Benzoquinone) 
Red color 
NH, 
CH, OCH, CH; OCH; 
(KSO),NO.. 
H,O/Acetone 
2-Methoxy-6- о 


methylaniline 
2-Methoxy-6-methyl- 
1,4-benzoquinone 
Yellow color 


PROBLEM a Suggest a mechanism for the oxidation of phenol to p-benzoquinone 
18-37 using aqueous chromic acid. (Recall the related oxidation of an alco- 
hol.) 


b Suggest why 1,3-dihydroxybenzene is not oxidized to a quinone. 


The quinone-hydroquinone pair form an oxidation-reduction system of 
chemical and electrochemical interest. The pair readily interconvert with a 
reduction potential which has been used as a standard for electrochemical 
cells (Sec. 27-3). 


о H 
"T 
О NEAN === Eo = 0.699 V 
ÓH 


p-Benzoquinone Hydroquinone 


A part of the chemistry of photographic development involves qui- 
nones. Hydroquinone and related p-aminophenols are oxidized to p-benzo- 
quinones by photoactivated silver bromide. The reduced silver metal leaves 
the black image of a photographic negative when the unactivated silver bro- ) 
mide is washed away by sodium hyposulfite (hypo). 
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N(CH3); 
+ 2AgBr* + 2HO- —> + 2Ag? + 2Br- + 2H,O + (CH,),NH 
Photoactivated 
о 


OH 


Plastoquinone is synthesized by plants and appears to play a role in 
electron transfer during photosynthetic processes. A long terpenoid (Sec. 
23-2) side chain is connected to the quinone group. 


CH, 


CH, 
CH; CH,CH—CCH,J,H 
Ó 


Plastoquinone 


Vitamins К; and K are naphthoquinones with terpenoid side chains. 
They are broadly distributed in plants and are believed to be essential for 
proper coagulation of blood in animals. 


O 
cH, 
Л | 
CH,CH—CCH,|CH,CH;CHCH, |CH,CH,CHCH; 
о Vitamin К, 


Нз 
eS E. 
CH,CH—CCH;JH 


Ó 
Vitamin K, 
The benzene ring is relatively resistant to most reduction techniques. 
Catalytic hydrogenation (Sec. 15-3G) can be accomplished, but elevated tem- 


perature and pressure are normally required. Reduction generally proceeds 
all the way to cyclohexane. 


+ 3H Ni/150*C 
2 30atm 


PROBLEM When benzene plus an equimolar quantity of hydrogen react under 
18-38 catalytic conditions favorable to hydrogenation, only % mol of cyclo- 


hexane is produced and two-thirds of the benzene is recovered un- 
changed. Explain this experimental observation. 


682 The Scope of Aromatic Substitutions 


An aromatic ring is selectively reduced to a nonconjugated cyclohexadi- 
ene by a dissolving metal reduction. An alkali metal in liquid ammonia with a 
proton source such as an alcohol is the reagent for this process, known as the 
Birch reduction. The reaction follows a free-radical pathway (Sec. 24-3E) in 
which the metal is the source of electrons. The reduction does not affect 
nonconjugated double bonds in the side chain. 


O,H O,H 


+ Na _МВУвЮН 


Benzoic acid 1,4-Dihydrobenzoic acid 
95% 


СН; H; 
+ Na NBEVEOR 
Н; H; 


o-Xylene у tA -eyclohexadiene 
92 


PROBLEM Suggest a synthesis sequence beginning with benzene or toluene for 
18-39 each of the following compounds. 


O,H 
D 


€ C,H,—C— CH; 
H 


d C,H,CH,CH,OH 


18-5 Summary 
А. Aromatic Substitutions 


A variety of electrophiles are available for substitution onto an aromatic 
ring. They may involve heteroatoms such as nitrogen, sulfur, and the halo- 
gens. Nitration, sulfonation, and halogenation are accomplished with those 
reagents. 

Carbon electrophiles enable new carbon-carbon bonds to be formed on 
the aromatic ring. The more important carbon electrophiles are carbocations 
or carbocation complexes generated during Friedel-Crafts reactions. 
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Nucleophilic aromatic substitution also can take place, but reaction con- 
ditions tend to be relatively severe. A strong nucleophile (base) is generally 
required. Benzyne or aryl cation intermediates have been implicated in many 
of these reactions. 


. Reactions of Aromatic Compounds 
Nitration (Sec. 18-1A) 


Halogenation (Sec. 18-1B) 


X 
OO 


Sulfonation (Sec. 18-1C) 


Diazonium coupling (Sec. 18-1D) 


Alkylation (Sec. 18-2A) 


QC 


Acylation (Sec. 18-2B) 
RC—O 


RCOX 
T or AX, 
(RCO),O 


Hydroxyalkylation and haloalkylation (Sec. 18-2C) 


ю-( Уу + HCHO 15%, но-{ \-cion 
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Formylation (Sec. 18-2С) 


О) + НСОЕ В, o (Sec. 18-2B) 


@ +со:+ на See, 
ю-( у + СНС OHIO, uo-( вю 


Nucleophilic substitution (Sec. 18-3) 
x NH, 


ere 


N,X- H 
Ô + н.о sO, 
N, X- X 
@ + OX — @ 
(X = CLBr) 


18-5 Summary 


2X 


+ 
Ñ 
Z 
| + HPO, — 
ея 


TKO,CCE, 


Nu 
2 
| жые ——d (бес. 18-30) 
EN 


Reduction of the aromatic ring (Sec. 18-4B) 


A це зн, Catalyst ir 


Reactions of aromatic substituents (Sec. 18-4) 
NO, NH, 


| HCV/Fe ог Sn 
Ч or H,/catalyst 


O,H 


SIS 
7 
Quir а, - cute {усы (бес. 18-2В) 
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18-6 Supplementary Problems 


18-40 Predict the major organic product from each of the following reactions. 


a О + (CH,),CHOH Ва, 


O 


HF 
с 


2) NaNO,/H,50,/0°C | NaNO, „/0°С 
ОНТОП N H,PO, 


2 
е а + сн, zs 
B CH 
\ \ 
OCH, 


2) NaNO,/HBr/o*C | NaNO, /o*C 
PTT CuBr 


-Zn(Hg/HCl › на 


3 
d d- 
Xu 


2) H;NNH, | 
2) 2) KOH/A ^ 


18-41 


18-42 


18-43 


18-44 


18-45 


18-46 


18-47 
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The halogenation of aniline in aqueous medium tends to produce trihaloanilines re- 
gardless of the quantity of halogen employed. Explain this result. Keep in mind that 
HX is produced in each substitution step. 


When p-di-tert-butylbenzene is treated with aluminum chloride and a trace of water, a 
mixture of the starting material and the products indicated below is recovered. Sug- 
gest a mechanism for this sequence, and suggest why no o-di-tert-butylbenzene is 
formed. 


C(CH,)s ссн), ССН; 


АС, 
Trace H,O 
C(CHj; 


C(CH3) 


If phenol is treated with D;SO, in D;O, deuterium is slowly incorporated into the 
ortho and para positions. Propose a mechanism for this acid-catalyzed hydrogen- 
deuterium exchange of an aromatic compound. 


Arrange the following in order of decreasing reactivity in electrophilic aromatic substi- 
tution. 


А low-melting-point solid A, СУН О, gives a precipitate with phenylhydrazine. 
When A is treated with NaOH/L, СНІ, precipitates and a solid B can be recovered on 
acidification of the solution. Reduction of A, with LiAIH, gives C, C9H120, which also 
leads to B on treatment with МаОНЛ.. Vigorous oxidation of A,B, or C leads to D, an 
acid with mp 121-122°С. Identify the lettered compounds and write equations for the 
chemical conversions. 


In order to prevent oxidation or meta orientation during nitration of anilines, the 
amino group is usually converted to the anilide derivative. However, it is possible to 
obtain reasonable yields of ortho and para products on nitration of certain anilines by 
using dilute nitric acid. Why does ortho-para orientation take place even though a 
significant percentage of the aniline is protonated under these conditions? 


Predict the major organic product in each of the following reactions: 


CO; — 
CL op 
— 
№ 
C(CHs)3 


b + сн,сн,соа ASh, 
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18-48 


18-49 


18-50 


18-51 


18-52 


18-53 


When 2,6-dideuteriofluorobenzene is treated with potassium amide in liquid ammo- 
nia, no aniline forms. However, the deuterium atoms exchange with the hydrogen 
atoms of the solvent. Explain this result. 


When benzene plus any one of the alcohols listed below is treated with ВЕ, 2-methyl- 
2-phenylbutane is the major product. Account for this experimental observation. 
Alcohols — 3-Methyl-1-butanol 

2-Methyl-1-butanol 

2,2-Dimethyl-1-propanol 

3-Methyl2-butanol 


Draw structures for all of the compounds that meet each of the following criteria: 
a Aromatic compounds, CoHj2, that give only one product on mononitration. 

b Aromatic compounds, СН, that give two products on monochlorination. 

с Aromatic compounds, CgHjo, that give three products on monobromination. 


Fill in structures of the missing intermediates and reagents indicated by letters in each 
of the following reactions. 


NH, NHCOCH, NH, 
A H,SO,/SO, АО, NO» 
a A, p HS0/SO, , HNO UH 
$0,H 
HCI/ZnC 
b D + CHo 9/26, amv У-енен, усына KCN/DMS0 , 


о о 
| 1 
Е е p о шык GH Uch, CH,CH, CH,CC,H, 


The mixture of m- and p-cresols (hydroxytoluenes) that is obtained from the reaction of 
sodium hydroxide with p-chlorotoluene depends on the reaction temperature as indi- 
cated below. Correlate these results with the reaction mechanism(s). 


Тетр., °С %т Фр 


250° 144 85.6 
340° 504 49.6 


үе а synthesis for each of the following compounds beginning with benzene or 
toluene. 

a 2-Bromo-4-nitrotoluene 

b 3-Bromonitrobenzene 

¢ 3-Bromoaniline 

d 2-Chloro-4-methylaniline 

e 4-Bromobenzenesulfonic acid 

f 2,4,6-Trinitrobenzoic acid 

g 4-tert-Butyltoluene 
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18-54 Тһе utility of hydroxyalkylation of activated aromatics is limited because multiple sub- 
stitution by the carbonyl reagent often occurs. 


"o ) + HCHO #509, но окон GHOR но-{ joi )-он 


Phenol Formaldehyde p-Hydroxybenzyl alcohol Di(p-hydroxyphenyl)methane 


Propose a mechanism for the conversion of p-hydroxybenzyl alcohol to di(p- 
hydroxyphenyl)methane under acidic and under basic conditions. 


18-55 Show how ethylbenzene could be prepared from: 


а CsHsCH,CH,Br 
b CeH;CH—CH, 
c СН, + CH;—CH; 
d CsHsCOCH3 
e CeH&CH(OH)CHs 
18-56 Suggest a synthesis sequence for each of the following transformations: 

ОН 

а from toluene 
NH, 

2H; 

b from acetophenone 
NH, 
2CH,CO,H 

с from toluene 

T 

Br. Br 
d Q from nitrobenzene 
r 
CH,CH,OH 
e from benzene 
NH, 
Cl. CI 


f from benzene 
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NH, 
3 
g from nitrobenzene 
NO, 
e 
CH;CH;C(CH3), 
h Ô from bromobenzene 
CH,CH,Br 


i ү. from bromobenzene 
Br CO,H 
C;Hz-n 
j from phenol 


CH,NC,H, 


O;H 
k from benzoic acid 
O,H 


18-57 The Vilsmeyer reaction is a method for formylating activated aromatic compounds. 
N(CHj), N(CH3), 


N(CH;), 
H,O 
+ HCON(CHj), + POCI, —> Жо. Q 
CICHN(CH,), o 


The actual electrophile is formed from dimethylformamide and phosphorus oxychlo- 
ride. 
a 


нс 
(СН); 
The electrophile 
Provide a mechanism for the formation of the electrophile and for the formylation of 
N,N-dimethylaniline. 


FIGURE 18-2 
‘H-NMR spectrum 
of Novocain. 


*18-58 


*18-59 
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500 400 300 200 100 0Hz 


The familiar anesthetic Novocain (procaine), C13H;9N2O;, is a synthetic material de- 
veloped out of studies on the analgesic properties of cocaine. Novocain is commonly 
administered as its hydrochloride salt. The H-NMR spectrum of Novocain is shown 
in Fig. 18-2. When D;O is added to the NMR sample, the diffuse peak (2H) at 
4.15 ppm disappears without affecting other peaks. The UV spectrum is the same as 
that of ethyl p-aminobenzoate. The five peaks between 2 and 3 ppm are the result of 
two superimposed signals: a triplet at 2.8 ppm and a quartet at 2.6 ppm. Deduce the 
structure of Novocain and use a line drawing to show how the five-peak pattern can 
come about. 


The analgesic phenacetin (acetophenetidin), СлоНзМО», is often mixed with aspirin in 
mild pain-killer tablets sold without prescription. The "H-NMR and ?C-NMR spectra 
are reproduced in Fig. 18-3. The IR shows a characteristic sharp peak at 3350 стг! 
(3.0 um) and a strong absorption at 1670 стт! (6.0 ит). The IR peak at 3350 стг! and 
the 'H-NMR peak at 8 ppm disappear when the compound is mixed with D;O. De- 
duce a structure for phenacetin. 
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FIGURE 18-3 500 400 300 200 100 0 Hz 
!H-NMR and 
13С-ММЕ spectra 
of phenacetin. 
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Chapters 17 and 18 provided a broad introduction to the mechanisms 
and synthesis applications of aromatic substitution. Most of the examples on 
which the discussions were based involved benzene or substituted benzenoid 
compounds. In this chapter we will see that many aromatic compounds pos- 
sess two or more benzene rings fused together. These are the polycyclic aro- 
matic compounds. Another group of important substances, known as hetero- 
cyclic aromatic compounds, contain one or more heteroatoms in place of a 
carbon within the aromatic system. Like the presence of substituents on a 
benzene ring, the presence of a heteroatom or a fused aromatic ring alters 
reactivity. Yet we will again learn that preservation of aromatic character is 
the major driving force in the reactions of these compounds. 


19-1 Polycyclic Aromatic Compounds 


Polycyclic aromatic compounds contain two or more aromatic rings 
fused together through the sharing of a common carbon-carbon bond. (Biphe- 
nyl and other polyphenyl compounds are treated as phenyl-substituted ben- 
zenes in preceding sections and are not considered here.) The most common 
aromatic polycycles are composed of fused six-membered rings as illustrated 
below. Note that the IUPAC nomenclature system assigns numbers only to 
positions at which substitution can take place. 


8 1 8 9 1 9.10 
7 2 7 2 
5 1 
6 3 6 3 
7 2 
р E А 10 * С) (— ч 

Naphthalene Anthracene ЕУ А d 9 

Phenanthrene 


А. The Source of Polycyclic Aromatic Compounds 


Coal tar, the heavy distillate obtained when coal is heated in the absence 
of oxygen to produce coke, is a major source of naphthalene and related 
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polycyclic aromatic compounds. Naphthalene, anthracene, and phenan- 
threne are recovered from the coal tar distillate boiling at 250-350°С. These 
compounds and their structural analogs can also be prepared by the cycliza- 
tion of benzene derivatives using methods which we have previously consid- 
ered. Intramolecular Friedel-Crafts alkylations and acylations (Sec. 18-2) are 
the most common of such cyclization processes. The desired aromatic system 
is usually generated by catalytic dehydrogenation of the initially cyclized 
product. 


CH;CH,CH,CH,CI ус 
CY SLE = + 2H, 


1,2,3,4-Tetrahydronaphthalene Naphthalene 
(Tetralin) 


H,CH,CH,CO,H a 
iig di aan 
— 
or H,PO, 


4-(1-Naphthyl)butanoic acid 1-Охо-1,2,3,4- 


tetrahydrophenanthrene 
Н; 
M жо AK, 


Toluene Succinic anhydride O=CCH,CH,CO,H 


Hy 


CH,OH/H* 
— 


ун 
1) (CHj), CHMgBr/EtO 2) 
2)H,0*,A 3) AICI, 


O=CCH,CH,CO,CH, (CH,),CHC=CHCH,CO,H 


CH; CH; 
DUA, | Pd/C 
2) эн,О+/А” А 
(CH,),CH 


(CH,),CH (CH,),CH 
1-Isopropyl-6-methylnaphthalene 


* The Friedel-Crafts cyclization is often carried out from the carboxylic acid, with hydrofluoric or 
phosphoric acid used as catalyst. Hydrofluoric acid is a particularly corrosive compound which 
must be used in plastic or other nonvitreous vessels. 
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B. Reactions 


PROBLEM 


19-1 


Naphthalene undergoes the same types of electrophilic substitution re- 
actions as does benzene. That is not surprising, for naphthalene has a reso- 
nance energy of approximately 61 kcal/mol (255 kJ/mol). Naphthalene is rep- 
resented as a resonance hybrid of three Kekulé structures. 


B 1 
7 2 
—— CELLA 
6 3 
5 a 


Naphthalene resonance structures 


In contrast to those of benzene, not all of the carbon-carbon bond 
lengths in naphthalene are the same. Use the resonance structures for 
naphthalene as a basis for rationalizing these data. 


1.424 А 


(142.4 рт) 1365 А 


4— (136.5 pm) 


OU as 
Ц (140.4 рт) 


1.393 А 
(139.3 pm) 


The resonance energy of naphthalene is about 1.7 times that of benzene. 
A reaction which disrupts or destroys the aromaticity on only one ring must 
account for a loss of about 25 kcal/mol (105 kJ/mol) rather than the 36 kcal/mol 
(150 kJ/mol) associated with benzene. This accounts for the relatively greater 
reactivity of naphthalene than benzene and the observation that one ring is 
more reactive than the other. (Although we may speak of the first or the 
second ring of naphthalene, the two rings are identical before reaction occurs. 
Only upon reaction are they distinguishable.) 

Retention of the aromaticity of at least one ring of naphthalene during a 
reaction is very favorable energetically. This is illustrated by the oxidation of 
naphthalene, a reaction which formerly was the major industrial source for 
phthalic anhydride used in the production of polymers. 


Р 
0,/V,0; 
M Sempre bo 
\ 
№ 


Phthalic anhydride 
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PROBLEM Phthalic anhydride is now produced commercially from o-xylene. Sug- 
19-2 gest a sequence for the synthesis. 


Substitution at the number 1 carbon atom (usually called the alpha-car- 
bon) of naphthalene is kinetically favored relative to that at the number 2 


(beta) position. 


ФЕ: 


ета Ват 


OO ET ys 


аі ИЕ hti 


O=CC,H, 


i 

Hs 
Ас, 

+ СНОС n 3 


a-Benzoylnaphthalene ие 


The different stabilities of the intermediates formed in each case provide 
a rationale for these experimental observations (Fig. 19-1). Consider the five 
important resonance structures for the intermediate cation formed in either 
alpha or beta substitution. Two of the structures for alpha substitution (A and 
B), but only one for beta substitution (F), retain an aromatic ring. Substitution 
at the alpha position is favored because it proceeds through the more stable 
intermediate. 


FIGURE 19-1 
Resonance structures for the intermediates in alpha and beta substitution on 


naphthalene. 
H. Ң Е В. Е ВЕ 
+ + 
ve Ia: 50 ~ 
Y Y 
A B c D E 
A H H EA 
Е < — E —— Co Е 
+ + Ф 
Е с H I J 
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PROBLEM 


19-3 


PROBLEM 


19-4 


Sulfonation of naphthalene produces either the alpha- or beta-naph- 
thalenesulfonic acid depending on the reaction temperature. A lower temper- 
ature leads to the expected product of alpha substitution, and high tempera- 
tures result in the formation of a beta-substitution product. These results 
become understandable when we find that the alpha product is converted to 
its beta isomer at higher temperatures. We learned (Sec. 18-1C) that sulfona- 
tion of benzene is reversible. The same is true for naphthalene. beta-Naph- 
thalenesulfonic acid is the more stable isomer (equilibrium), and alpha-naph- 
thalenesulfonic acid forms more rapidly (kinetic). 


O,H 
SO,H 
—80° 160°C я 
коз Н 
a-Naphthalenesulfonic acid B-Naphthalenesulfonic acid 


Suggest a reason for the greater stability of B- over a-naph- 


thalenesulfonic acid. 


Anthracene undergoes typical aromatic substitution even more readily 
than does naphthalene. Substitution as well as addition reactions usually take 
place at the 9 or 10 position of the central ring. The tendency toward product 
mixtures reduces the synthetic utility of the processes. The resonance energy 
of anthracene is about 84 kcal/mol (351 kJ/mol), only slightly more than twice 
that of benzene. Any loss of resonance energy during reactions of anthracene 
is relatively small even when two isolated benzene rings remain. 


Br Br 
Br 


9-Bromoanthracene 9,10-Dibromoanthracene 


ee 
= 


9,10-Anthraquinone 


Why do both substitution and addition take place at the 9,10 positions 


of anthracene? 
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C. Substituent Effects 


PROBLEM 


19-5 


The partial rate factors (relative to benzene) for typical electrophilic sub- 
stitution reactions at the alpha position of naphthalene are in the range of 
107—105. The values indicate a significant activating influence of one ring on 
the other. Bromination of naphthalene, for example, proceeds without a 
Lewis acid catalyst. 

What effect, then, will a substituent already on naphthalene have on 
further substitution? Here we must deal with an orientation effect in two 
possible rings. 

The concepts we have developed regarding orientation of electrophilic 
aromatic substitution on benzene can be extended to the polycyclic aromatic 
compounds. Activating groups enhance reactivity while directing the electro- 
phile onto the ring already containing the substituent. The process benefits 
from conjugation of the intermediate cation with the substituent (5) without 
sacrifice of aromaticity in the second ring. 


Account for the observation that an ortho-para-directing substituent on 
the 1 position of naphthalene directs substitution to the 2 and 4 posi- 
tions whereas the same substituent on the 2 position directs substitu- 
tion almost exclusively to the 1 position. 


A deactivating substituent decreases reactivity in the ring to which it is at- 
tached and directs the electrophile to the other ring. Table 19-1 summarizes 
the orienting effects of substituents on naphthalene. 

TABLE 19-1 Position(s) of Major 


Substitution on Monosubstituted 
Naphthalenes 


Substituent Type 
Deactivating 
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PROBLEM Suggest a synthetic sequence for the conversions indicated below. 
19-6 


from 


8 


2 
Ж 


8 
sie 


z 
2 
EY 


OO 


- 
A. Os 
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D. Chemical Carcinogens 


The role of chemicals in inducing the cellular abnormalities known as 
cancer has attracted a great deal of interest and activity. Polycyclic aromatic 
compounds have long been implicated in certain types of cancer. Over two 
hundred years ago the incidence of cancer associated with the work of the 
chimney sweep was attributed to contact with soot and tars. Today we know 
that at least one of the carcinogenic components of chimney soot is benz- 


[a]pyrene. 


Benz[a]pyrene 


Structure is critical to the carcinogenic properties of polycyclic aromatic 
compounds. Naphthacene and its derivatives do not appear to be carcino- 
genic, but 1,2-benzanthracene is a potent carcinogen. 


Naphthacene 1,2-Benzanthracene 


Such compounds are apparently not actually carcinogenic themselves, but 
they are metabolically converted to active carcinogens within an organism. 
They are more properly labeled as procarcinogens. 

Many organic carcinogens are electrophilic. One widely held theory is 
that the carcinogen reacts with a nitrogen atom of DNA (Sec. 22-3) to change 
the genetic message as new cells are formed. The aromatic procarcinogens are 
not electrophilic, but they can be enzymatically converted to electrophiles. An 
epoxide (Sec. 11-4B) is believed to be the active carcinogen derived from benz- 


[а]ругепе. 
qoi 9® 
E xu 
HO 
OH 


сус тан 
тосоо tetrahydrobenz[a]pyrene 
Carcinogen 
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Many other classes of organic compounds have been implicated as carci- 
nogens or procarcinogens. Some are termed biological alkylating agents be- 
cause they readily add an alkyl group to the DNA molecule. All these com- 
pounds are very reactive in nucleophilic substitution. 


X pi^ 
N 
CICH;OCH;CI H 
Bis(a-Chloromethyl)ether Propylenimine 
Alkylating agents 


Some aromatic amines and azo compounds are procarcinogens. The azo 
dye known as butter yellow has been found to be a carcinogen. It was once 
used to color margarine. The widely used food coloring red dye No. 2 has 
been banned in the United States. It is another azo compound suspected of 
carcinogenic activity. 


NH, 
ОО 


B-Naphthylamine p-Dimethylaminoazobenzene 


(Butter yellow) 
OH Si 
8-8 


SO4Na 


O4Na 


Red dye No. 2 


A high percentage of N-nitroso compounds (Sec. 11-6A) are carcino- 
genic. Again, the ability to readily form a reactive alkylating agent appears to 
be the basis of their biological activity. 


CH; 


Е | 
myne, HOCH,N—NO — HCHO + CH,;N=NOH —> 


(CH,),.N—NO 
N-Nitrosodimethylamine 


[CH] + №, + HO- 


19-2 
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Heterocyclic Aromatic Compounds 


Heterocycles—cyclic molecules with at least one atom other than carbon 
in the ring structure—account for a major fraction of all known organic com- 
pounds. Heterocycles are widely distributed in nature. Pyridine, pyrrole, 
furan, and thiophene are aromatic heterocycles that can be extracted from 
coal tar. 


4 


57 3 AS 4 3 4 з 
CR OG. I 


1 1 


Pyridine Pyrrole Furan Thiophene 


Adenine, guanine, cytosine, and uracil are the bases of critical impor- 
tance as carriers of the genetic code in nucleic acids (Sec. 22-30). 


NH; NH, 
UD Ys (3 | NH 
b ^ WIS : yo oe 


Adenine Guanine Cytosine Uracil 


The alkaloids are nitrogenous bases that occur in plants. Many of them 
have marked physiological effects, a fact discovered by people long before 
organic chemistry developed. Psilocybin, isolated from certain mushrooms, 
leads to hallucinations and behavioral disorientation. The hydroxy compound 
derived from hydrolysis of the phosphate ester on ingestion is believed to be 
the physiologically active material. Lysergic acid derived from ergot fungus 
on rye and wheat can easily be converted to its diethylamide (LSD), a potent 


hallucinogen. 
O,H 
HOP CH,CH,N(CH,), е 
3 
N \ 
N — 
X 4 Y 
H 


Psilocybin Lysergic acid 


The vitamins niacin, thiamine (Bi), and riboflavin (B2) are essential for 
human nutrition. 
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CH,CHOHCHOHCHOHCH,OH 


| 
и 
2 NH 
SS CH; H 
Ó 


Niacin Riboflavin 
(Nicotinic acid) 


CH, 


NZS СНУ 
j dii №. 
5 
CH; ^N 


NH, 
Thiamine 


The list of important heterocycles is almost endless. Their reactions en- 
compass a broad variety of compound classes. We have already seen that the 
reactions of simple saturated heterocycles containing nitrogen, oxygen, and 
sulfur are essentially those of amines, ethers, and sulfides. In this section we 
will briefly consider the chemistry of those unsaturated heterocycles which 
exhibit aromatic properties. 


. Aromatic Character 


When we examine the valence bond representation of pyridine, the aro- 
matic character of the compound seems reasonable. Pyridine is the aza (a 
nitrogen atom takes the place of a ring carbon) analog of benzene, and two 
identical Kekulé structures can be drawn. In addition, charge-separated reso- 
nance structures also contribute to the resonance hybrid because of the ability 
of the nitrogen atom to accommodate negative charge. However the reso- 
nance stabilization of pyridine is only about 26 kcal/mol (110 kJ/mol), consid- 
erably less than that of benzene. 


N A "d 5 N 
| — |< » | > || |< O 

2 < Tur jt I» 

N N N- N- N- 


Pyridine resonance structures 


PROBLEM Pyridine has a dipole moment of 2.26 D, whereas the saturated analog 


19-7 


piperidine has one of 1.17 D. Account for the difference. 


Aromatic character is attributed to interaction of the six pi electrons of 
the three double bonds and is consistent with the Hückel criterion (Sec. 7-4D). 
The nonbonding electron pair on nitrogen is not directly involved in the pi 
system, for it occupies an sp? molecular orbital in the plane of the ring (per- 


PROBLEM 
19-8 
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pendicular to the pi electrons). Pyridine is a planar molecule, as is expected to 
attain maximum overlap of the adjacent p orbitals. 


Pyridine is less basic than are the aliphatic amines; the pK, value of its 
conjugate acid is 5.2. That might appear surprising in view of the nonbonding 
electron pair on the nitrogen atom. Yet we have seen a related result in the 
chemistry of carbanions. The hydrogen atom on a saturated carbon atom is 
less acidic (the conjugate carbanion is more basic) than that on an alkene 
carbon atom, which in turn is less acidic than an acetylenic hydrogen. This 
variation in carbon acidity is attributed to the differing molecular orbitals 
which accommodate the respective electron pairs of the conjugate bases. The 
greater the s character, the better the orbital accommodates an electron pair. 

A similar rationale can be applied to the basicity of prse. The elec- 
tron pair is located in an sp^ molecular orbital, whereas an sp" orbital is utilized 
by aliphatic amines. The higher s character accounts for the decreased availa- 
bility of electrons for reaction with a proton. 


Aniline is even less basic than pyridine even though the nonbonding 


electron pair of nitrogen is accommodated by an sp? orbital. Suggest an 
explanation. 


The five-atom aromatic heterocycle pyrrole illustrates an electronic situa- 
tion different from pyridine. Here the electron pair on nitrogen is a part of the 
aromatic system. We draw contributing structures for the resonance hybrid of 
pyrrole that include interactions between the electrons of the double bonds 
and the pair on the nitrogen atom. Pyrrole is a very weak base. Its conjugate 
acid has a pK, value near zero. 


als GO-GO) 
H H H H H 


Pyrrole resonance structures 
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PROBLEM a Draw a diagram of the interacting p orbitals in the conjugated system 
19-9 of pyrrole. 


b Show how the Hückel 47 + 2 rule predicts that pyrrole is aromatic. 


c Why don't we draw resonance structures with a negative charge on 
the nitrogen atom? 


B. Synthesis of Heterocyclic Compounds 


Although pyridine, pyrrole, furan, and thiophene are found in coal tar, 
the quantities available are too small for the demands of the chemical indus- 
try. Furan is prepared commercially by the catalytic decarbonylation of its 
carboxaldehyde, furfural. Reduction of furan leads to the heterocyclic ether 
and useful solvent, tetrahydrofuran (THF). 


О О +со 
Furfural Furan 
4 \ Pd | \ 
о » as High pressure о 
Tetrahydrofuran 


Furfural production is an interesting example of the use of industrial 
waste products. Corncobs and the hulls of rice and oats contain polymeric 
carbohydrates (Chap. 21) known as pentosans. Acidic hydrolysis of these 
waste materials produces pentoses (Sec. 21-1B), which dehydrate and cyclize 
to produce furfural in high yield. 


CHO 
CHOH HO. OH 

CHOH Aa, 4 

Ї А + НО —> Ех + 2H,O 
HOH CHO о“ CHO 

CH,OH | 

A pentose Furfural 


Pyrrole is prepared commercially from furan. Ammonia, steam, and 
furan are passed over a catalyst of alumina at 400°C. Under these conditions 
nitrogen exchanges for oxygen via a 1,4-dicarbonyl intermediate to give the 
thermodynamically more stable pyrrole. 


CN + ти, er 
N 


H 
Furan Prsi 


PROBLEM 
19-10 
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The industrial synthesis of thiophene begins with butane, the butenes, 
or 1,3-butadiene. The C4 hydrocarbons are combined with sulfur at 600°C. 
Recycling of the unreacted materials allows a high yield of product to be 
recovered. 1,3-Butadiene, formed by dehydrogenation of butane or the 
butenes at this high temperature, is probably the precursor to thiophene. 


CH,=CH—CH=cH, + 25 9€, b PHS 
5 


1,3-Butadiene Thiophene 


In the laboratory, five-membered heterocycles with various substituents 
are prepared by the cyclization of a 1,4-dicarbonyl compound in the presence 
of the heteroatom source. These reactions are known as the Paul-Knorr meth- 
ods. 


2,5-Dimethylfuran 


о о 
CH,CCH,CH,CCH, НА P 
H 


A 
2,5-Hexanedione 
2,5-Dimethylpyrrole 


B5, ah d, 


A 
2,5-Dimethylthiophene 


When two compounds, each of which contains a carbonyl group, react, 
a double condensation reaction may occur. A wide variety of substituted five- 
membered heterocycles can be produced. 


CH, сн! СО, 


\ CO,Et 
C= 4, ^ CH,CO,H FON 
CH. ——ÉÉ» + 2H,O 
lu $ 2 EtO,C CH. : 


N 3 
EO,C “МН, O CH; H 
2,4-Dicarboethoxy-3,5-dimethylpyrrole 


3-Carbomethoxy-2,5- 
dimethylpyrrole 


Suggest a mechanism for the synthesis of 2,4-dicarboethoxy-3,5- 


dimethylpyrrole indicated above. 


708 Polycyclic and Heterocyclic Aromatic Compounds 


The preparation of indoles (benz-fused pyrroles) is often accomplished 
using the Fischer indole method. In this procedure the phenylhydrazone of 
an aldehyde or ketone (with the exception of formaldehyde or acetaldehyde) 
is cyclized by use of an acid catalyst. 


[ө] 
| ZnCl, 
( Sve + GH,CCH, —> мт — 
CH, 
Phenylhydrazine Acetophenone Acetophenone phenylhydrazone 
N 


H 
2-Phenylindole 
80% 


The mechanism of the Fischer indole method has been extensively stud- 
ied. The accepted pathway involves formation of a carbon-carbon bond be- 
tween the aromatic ring and the carbon of the enamine isomer of the phenyl- 
hydrazone. The reaction is an electrophilic aromatic substitution. 
Simultaneous cleavage of the nitrogen-nitrogen bond and subsequent cycli- 
zation provide the five-membered ring of the indole structure. Loss of one 
nitrogen atom as ammonia and aromatization complete the process. 


CH, сн, нс Сн, ^ p 
зе Асе 
N МН NHj 
N^ N^ NH 

H H 


PROBLEM Phenylhydrazine isotopically labeled with !5N (CcH;*NHNH,) was 
19-11 used in a study of the mechanism of the Fischer indole synthesis. Draw 
the structure of the product which is expected to form when the labeled 
phenylhydrazone from acetophenone undergoes the Fischer indole 

synthesis. 


PROBLEM 


19-12 
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Draw the indole which is expected to form when the phenylhydrazone 


of cyclohexanone is heated with boron trifluoride etherate in acetic 
acid. 


Pyridines are synthesized by cyclization reactions of carbonyl com- 
pounds similar to those that lead to five-membered heterocycles. The major 
industrial source of pyridine is the condensation of formaldehyde and acetal- 
dehyde in the presence of ammonia. 


< 
2CH,CHO + HCHO + NH, —> ГУ 
27 

N 


In the laboratory the Hantzsch synthesis is the usual route to substituted 
pyridines. Two moles of a B-keto ester combine with an aldehyde in the pres- 
ence of ammonia. The dihydropyridine produced initially is readily oxidized 
to the aromatic product. 


MeO; CO,Me 
р CHÍ 
Co + GHSCHO + c zh 
\ EL GON 
cH, О Оа cH, 
C; Hs СН 
MeO,C. СО,Ме MeO,C.. 77 CO,Me 
| | HNO, | 
EN 
CHE ONCA GH CH; “№ CH, 
H 


Substituted pyridines have also been prepared by a Diels-Alder reaction 
(Sec. 16-3A) in which a nitrile is the dienophile. 


A SS 
CH,=CH—CH=CH, + GH,CEN —> (н) | 
2 2 


N СН, м сн, 
1,3-Butadiene Benzonitrile ета 


Quinolines, the benz-fused analogs of pyridine, are generally obtained 
through reaction of a substituted aniline with a carbonyl compound. In the 
example below, the amine forms an imine (Sec. 8-6A) with the carbonyl group 
of 2-butanone, and then intramolecular cyclization takes place by means of an 
aldol reaction (Sec. 12-2). 
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sHs 
COC,H 
S -H,O “о CH; KOH/EtOH-H,O 
+ CH,COCH,CH, —> €— пд UO 
N 
NH, NA CH,CH; 
o-Aminobenzophenone 2-Butanone 
H5 
S 
М СН.СН, 


2-Ethyl-4-phenylquinoline 
71% 


C. Reactions of Рупа тез 


Reactions of the five- and six-membered heterocycles are similar to the 
aromatic substitution reactions which we encountered for benzenoid hydro- 
carbons. But the heteroatom, like a substituent group on the benzene ring, 
has a marked effect on the reaction pathway. 

Pyridine undergoes electrophilic substitution very slowly. It reacts in 
very much the same way as a deactivated benzene ring. Furthermore, electro- 
philic substitution takes place at the number three position on the ring. Let us 
examine the expected intermediates for electrophilic substitution on the pyri- 
dine ring. 


2-Substitution 
Ze tS SQ 
И Е <> м Е | Е 
МН N^ `H № ^н 
А B с 


3-Substitution 


г“ Е A E A E 
H e> н <> | H 
EN 
NÉS NT N^ 
D E 


F 


E. „Н Feet EJ BH 
* + 
G H 


H 


4-Substitution 
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Deactivation relative to benzene can be partially attributed to the elec- 
tron-withdrawing inductive effect of the nitrogen atom, which destabilizes 
the intermediate cation. Of the three resonance structures which we can draw 
for each position of electrophilic attack, both 2- and 4-substitution involve one 
very poor contributor. Structures C and H each have a positive charge on an 
electron-deficient nitrogen atom. This electron configuration is different from 
the favorable electron configuration of an ammonium ion, which possesses an 
electron octet. The 3 position, though deactivated, is therefore relatively more 
reactive in electrophilic substitution than is the 2 or 4 position. 

Most electrophilic substitution reactions of pyridine are further inhibited 
by the nucleophilic and basic character of the nitrogen atom. Acids protonate 
the nitrogen atom to form a pyridinium cation. The ring becomes so deacti- 
vated that electrophilic substitution takes place only under the most vigorous 
conditions. Friedel-Crafts reactions do not occur at all. 


NO. 
| у HNO,/KNO,/H,SO, | is 
722 Fe/300*C p 
N N 


3-Nitropyridine 
22% 


SO,H 
(ose. Om 
à | 
NÍ NÍ 


3-Pyridinesulfonic acid 
71% 


In contrast to what we have seen for the benzenoid aromatics, nucleo- 
philic substitution on pyridine is favorable. An illustrative example is the 
unusual replacement of a hydride by the amide anion, the Chichibabin reac- 
tion. In this case the negative charge in the intermediate is partially accommo- 
dated because the pyridyl nitrogen atom has a full electron octet. 


AS » SS 
| + NaNH, —> | 
м“ N^ “мн, 


2-Aminopyridine 
80% 


ма 
SS LASS „ч... 
VA NH, < | NH, < NH, 
мо `н м pH N^ ^H 
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PROBLEM Reaction of pyridine with potassium hydroxide produces 2-pyridone. 
19-13 Suggest a mechanism for the reaction. 


N 


^w А 
| + KOH > | 
2 N О 
H 


2-Pyridone 


The alpha-hydrogen atoms of an alkyl side chain at the 2 or 4 (alpha or 
gamma) position of pyridine have an acidity similar to that of the alpha- 
hydrogen atoms of a ketone. Reaction of a carbonyl group with the alkyl 
anion formed by base is a method for extending the pyridine side chain. 


CHzNa* CH=CHC,H, 


CH, 
< N < 
C3 + NaOH == С SGUGCHO » + H,O 
2 2 22 
N N N 


4-Methylpyridine 
(y-Picoline) 


PROBLEM a Account for the enhanced acidity of the methyl hydrogen atoms in 
19-14 4-methylpyridine but not in 3-methylpyridine. 


b Why does A decarboxylate much more readily than B does? 


ES 
Ge ot Oh ees) =O 
№ ~CH,CO,H брен, NA N^ 
A B 


N CO,H 


PROBLEM The oxidation of pyridine produces the amine oxide pyridine oxide. 
19-15 Predict the reactivity of pyridine oxide relative to pyridine in both elec- 
trophilic and nucleophilic substitution. 


Ту, 7 Че. М. .. 
& Ni +ню, — A ИЕ О: + њо 


Pyridine oxide 
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D. Reactions of Five-Membered Heterocycles 


PROBLEM 


19-16 


The five-membered heterocycles pyrrole, furan, and thiophene are con- 
siderably more reactive toward electrophilic substitution than is benzene. In 
contrast to the nitrogen atom of pyridine, the heteroatom in these compounds 
participates favorably with the cationic reaction intermediates. Both reactiv- 
ity and orientation can be explained in terms of conjugation in the cationic 
intermediate. 


2-Substitution 


+ 
Prae, 
+ => 

> H 7 н z H 


A B c 
3-Substitution 
E Ẹ 
/ \ H | н 
| „+ = [ A 
Z 74 
а 
р Е 


Substitution is more favorable at the 2 position, but it is enhanced rela- 
tive to benzene in both the 2 and 3 positions. Resonance contributes to the 
stability of the intermediate without involving the kinds of "poor" structures 
that we saw for pyridine. The representations with a positively charged hetero- 
atom still maintain an electron octet. 


Ma С 
EN H Só H Sot H 
H 5: 


Draw the major resonance structures for furan and thiophene. 


These heterocycles are sufficiently reactive that electrophilic substitution 
takes place under mild conditions, often without a catalyst. Their reactivity is 
similar to that of anilines or phenols. 


[| \ SnCl, LAS 
L \ + сңсо„о Sk, 5 len, 


2-Acetylthiophene 
83% 
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о 
l " ye (CH,CO),0 — d vim 
H H 


2-Acetylpyrrole 


The high reactivity of thiophene relative to benzene has been used to 
free coal-tar-derived benzene (bp 80°С) of traces of thiophene (bp 84°С). The 
contaminated benzene is shaken with sulfuric acid. Thiophene sulfonates, 
and the water-soluble sulfonic acid product is easily separated from benzene. 


Q + H0, — уш 


Thiophene-2-sulfonic acid 
76% 


Furan is more reactive than pyrrole or thiophene. Polysubstitution or 
formation of tarry mixtures tends to occur. When an electron-withdrawing 
group is located on the furan ring, reactivity is sufficiently moderated for 
monosubstitution to take place. 


CHO CHO 
l o 
+ HNO, 42°, el 
3-Furfural 5-Nitro-3-furfural 
NO, 
н + HNO, —> em Fa + А. 
2-Nitrofuran 2,5-Dinitrofuran 2,4-Dinitrofuran 


PROBLEM Predict the major product(s) in each of the following reactions: 


19-17 
a д + NO£fCH,CO; — 
b о + 2H, т; 


н 


С). 


М 
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al. Va (сн,со,о => 


HOAc 
"Bi 7, 


HNO, 
а 
H,SO, 


1) NaNH,/NH, 
2) CHI 


19-3 Summary 


A. Chemistry of Polycyclic and Heterocyclic Aromatic 


Compounds 


Polycyclic and heterocyclic aromatic compounds are variations of the 
simple benzene derivatives. Reactions and properties of these substances fol- 
low the same patterns as do those of benzene and its analogs. The additional 
ring structure or heteroatom influences the properties of the molecules in a 
manner similar to that of a substituent group on benzene. 

Polycyclic aromatic compounds as exemplified by naphthalene and an- 
thracene are more reactive than benzene. They benefit in their substitution 
reactions from losing less aromatic stabilization in the reaction intermediates. 
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Anthracene even undergoes addition at the 9,10 positions of its central ring 
because the total loss of aromatic stability for this reaction is quite small. 

The heteroatom of heterocyclic aromatic hydrocarbons has a significant 
influence on their reactivity. The heteroatom electrons are a part of the 
Hückel system in the five-membered heterocyclic compounds pyrrole, furan, 
and thiophene. These compounds are more reactive than benzene in electro- 
philic substitution. For pyridine the electrons on the nitrogen atom are not a 
part of the aromatic system. The electronic effect of the nitrogen atom actually 
decreases reactivity on pyridine. 


. Reactions of Polycyclic and Heterocyclic Aromatic 


Hydrocarbons 
Electrophilic reactions on polycyclic aromatic compounds (Sec. 19-1B,C) 


Td 
E 
DLE I 


Reactions on heterocyclic aromatic compounds (Sec. 19-2C,D) 
2 Кх 
+ E+ —> | 
ES 
N 
"d 


Nu 
e 27 
ЕС 
№ “мы CN 


“№ 
[ ST UY; 
(Z 2 NH, O, S) 
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19-18 Predict the major organic product from each of the following reactions: 


OH 
a vod + GH, Nich Ss, 
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NH, 
b 1) NaNO,/H,SO,/H,0/0°C 
2) CuNO, 
NO, 


Е ( N HNO, 
5 
Acid 


в CHJNNH, + GH,COCH, E» 
CH; 


h Na/EtOH 
——— 
pa HNO, 
i CH; COCH; x 


N 
H 
OH 


р 1) Li/NH,-EtOH 
J 2) НСІ 

CH, 
1108 твор оннан 


5 


19-19 How тапу mononitronaphthalenes are possible? 


19-20 Would you predict oxazole to be more or less basic than pyrrole? 
Че YN: 


Oxazole 
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19-21  Imidazole is an aromatic hydrocarbon in which two nitrogen atoms are members of a 
five-membered ring. Suggest how the bonding electrons of imidazole account for its 
aromaticity. 

HN? SN: 


Imidazole 


19-22 a A serious accident occurred in 1976 in a chemical plant in Seveso, Italy, when a 
synthesis of 2,4,5-trichlorophenol from 1,2,4,5-tetrachlorobenzene became over- 
heated. The toxic compound dioxin (2,3,6,7-tetrachlorodibenzo-p-dioxin) was 
formed and released into the countryside. It has now been found that traces of such 
dioxins are formed during combustion of many organic materials. Suggest a mecha- 
nism for the formation of this unwanted product. 


1 
СІ СІ О. СІ 
now КЪ 
CI cl 1 
СІ Dioxin 


b The 2,4,5-trichlorophenol is used in the preparation of hexachlorophene, an excel- 
lent bacteriocide which has recently been found to be toxic for humans. Suggest a 
method for the synthesis of hexachlorophene. 


H H 
с н, fel 
с dí 
1 


Hexachlorophene 


1923 Indole is a polycyclic aromatic heterocycle that undergoes electrophilic substitution 
principally at carbon 3. 
a Account for its aromaticity. 
b Explain the predominant substitution orientation. 


19-24 Provide an explanation for the observation that 2-aminopyridine undergoes electro- 
philic substitution more rapidly than pyridine and principally at the 3 and 5 positions. 

19-25 Suggest a sequence for the synthesis of 1,7-dimethylnaphthalene from toluene and 
succinic anhydride. 


19-26 а The interesting benzenoid compound triptycene can be prepared from anthracene 
by a Diels-Alder reaction. What is the nature of the second reactant, and how might 
the reactant be prepared? 


19-27 


19-28 


*19-29 


*19-30 


*19-31 
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(г 
в © 


Triptycene 


b Fluorene can be prepared from indene by a synthetic sequence involving a Diels- 
Alder reaction. Show how the synthesis can be accomplished. 


SX: m 


Indene Fluorene 


А process known as the Bischler-Napieralski reaction is a method for converting 
amides to isoquinoline heterocycles. Propose a mechanism for the acid-catalyzed cycli- 
zation step. 


7 
NHCCH, 


Ht Oxidation SS 
a po 


1-Methylisoquinoline 


Quinolines can be prepared by the Skraup synthesis. Propose a mechanism for the 
cyclization portion of the reaction. 


7) +сн,=снсно #*, Oe башы фа 
X Oxidation , 
“мн, N N^ 
H 


Quinoline 


Mild reaction of a certain heterocycle with ethyl chloroformate produces a compound 
(СаН,0Оз) whose !H-NMR spectral characteristics are 6 ppm 1.2(3, t, J = 7 Hz), 
2.4(3, s), 3.8(q, 2, ] = 7 Hz), 6.1(d, 1, J = 5 Hz), and 7.1(d, 1, J = 5 Hz). Suggest а struc- 
tural formula for this material. 


When the infrared spectrum of 3-hydroxythiophene is recorded, a significant carbonyl 
absorption occurs at 1640 cm™ (6.1 um) in addition to the expected alcohol peak at 
3300 ст! (3.0 um). Account for this result. 


An indole derivative, Cj3H13NO», showed a UV spectrum similar to that of 5-methoxy- 
2-acetylindole. The 'H-NMR spectrum is reproduced in Fig. 19-2. Propose a structure 
for this compound. 
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FIGURE 19-2 500 400 300 200 100 0Hz 
‘H-NMR spectrum 
for Prob. 19-31. 
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20-1 


Synthesis is the real test of our ability to use and control organic reac- 
tions. We have already encountered numerous examples of single-step and 
multistep syntheses in preceding chapters. In each case the starting materials 
were converted to some desired compound—the target molecule— 
principally by the reactions included in the particular chapter. Chapter 13 
specifically discussed the design of syntheses, summarizing a wide variety of 
different kinds of reactions using nucleophiles. Having added reactions of 
Chaps. 14 through 19, we are now at the point where considerable chemistry 
can be brought together in a more realistic way for the design of organic 
syntheses. An almost endless number of reaction sequences can be developed 
and, with sufficient time, carried out. 

Organic chemists use synthesis for a variety of purposes. They have 
traditionally undertaken syntheses as the final proof of molecular structure 
for natural products isolated from plant and animal sources. Identity between 
the natural substance and the compound produced by synthesis confirms the 
molecular structure deduced by chemical and physical methods. In more 
practical terms, synthesis can provide a supply of useful compounds like 
quinine, penicillin, prostaglandins, vitamins, and insect attractants not avail- 
able in adequate quantities from nature. Synthesis can also be used to prepare 
substances previously unknown but predicted to be useful, either to test theo- 
ries or to create new chemical products. Synthesis chemistry is a major en- 
deavor in the laboratories of universities and of the chemical industry. 


Design of a Synthesis 


We must first realize that there are a great many potential synthesis 
routes leading to any given target molecule. The major reactions available to 
us have been compiled in summaries at the ends of the preceding chapters. It 
is from those one-step transformations that we will put together more com- 
plex synthesis sequences. 
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A. Initial Consideration in Synthesis Design 


How are we to begin thinking through a synthesis problem? We know 
that there will be many possible routes. A huge collection of organic reactions 
is available for use, and so also is a very large catalog of possible starting 
materials. The place to start is with the structure of the target molecule itself, 
for it will contain indicators of the kinds of reactions to use. 

The structure of the target molecule can be formally divided into two 
parts: its carbon skeleton and the functional groups located on that skeleton. 
Each affords a different kind of insight into synthesis design. We have already 
seen examples of this type of analysis for reactions that involve nucleophilic 
reagents (Sec. 13-3). 


1 Carbon skeleton. In any synthesis, the structure of the target must be con- 
structed from smaller units—the synthons—by reactions which form the 
links of the new skeleton. Planning for the formation of carbon-carbon 
bonds, the construction reactions, is a central, necessary step of synthesis 
design. 

2 Functional groups. Functional groups are located at specific places on the 
target skeleton. They are treated as the possible results of last reactions in 
the synthesis, either construction reactions or functional alteration reac- 
tions. The latter only change the functional groups without affecting the 
skeleton. Examination of functional groups of the target molecule can 
therefore tell us what reactions might be used. 


A feature of organic reactions important to synthesis design is that the 
reactions normally take place at or adjacent to carbon atoms bearing func- 
tional groups. This means that the same carbons that bear functional groups 
in the target will usually also have related groups in the intermediates and 
starting materials of any synthesis sequence. There are also some important 
construction reactions in which a functional group disappears from a carbon 
atom. However, very few reactions introduce a functional group on a hydro- 
carbon site remote from another functional group. This leads to the important 
idea that it is the location, more than the actual nature of functional groups 
in the target structure, which is important. 


B. The Retro-Synthetic Approach 


The overall conception of a synthesis begins with a dissection of the 
target skeleton into synthons. It is often convenient to write just the carbon 
skeleton of a target and to dissect it into synthons with skeletons the same as 
those of common starting materials. 

It is usually best to work backwards from the target to the structures of 
available starting materials. This is known as the retro-synthetic approach 
(Sec. 13-4A). A double-line arrow is commonly used to indicate a reaction 
written backwards—the actual reaction in reverse. 
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OH 
| 
CH,CH,CH,CHCH,CH, ==> CH,CH,CH,CHO + CH,CH,Li 


О 
2 => or + СНУ 
(еј СО. К 


Because of the nature of the readily available starting materials, about 
one skeletal bond in four is commonly constructed. The carbon skeleton can 
be dissected into precursor components, and then the associated synthons 
can be derived. The synthons used in one synthesis of vitamin A are summa- 
rized in the following way. (The heavy bond lines indicate the location of 
construction reactions.) 


| 


Vitamin A Carbon skeleton and 
potential constructions 


COOR 


9 gU +e- 5 4 ЗИ . Дд 
CHO + CH,COCH, + CICH, + HC=CH + CH,COCH=CH, = 514 » E > 


24 |” 


Actual synthons Potential synthon skeletons 


PROBLEM Reactions can be generalized by writing only the parts of the carbon 
20-1 skeleton that are necessary for the reaction. Write the following reac- 
tions backwards and generalize as in the example below. 


Example: OH 


Y Mex © 
Grignard reaction GE d t йы 


a Claisen condensation а Friedel-Crafts acylation 
b Michael addition € B-Keto-acid decarboxylation 
c Aldol condensation 
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PROBLEM Write the carbon skeleton of each of the following targets and dissect it 
20-2 into synthons of one, two, or three carbon atoms. Suggest at least two 
possible approaches. Try to minimize the number of construction reac- 

tions. 


Z O,H 


а 3-Ethyl-5-methyl-4- 


hexen-2- 
xen-2-one О 


Camphor 


C. Starting Materials 


A thorough knowledge of organic reactions is certainly basic to synthe- 
sis design. It is also important to appreciate what starting materials might be 
available. Many companies exist to make and sell common organic com- 
pounds, and their catalogs list thousands of chemicals. Some simple general- 
izations will give an idea of what is commercially available for syntheses. 


1 Compounds with simple linear skeletons of up to about six carbons and one 
functional group are usually available. They are the kinds of materials on 
which our studies have focused: aldehydes, ketones, carboxylic acids and 
their derivatives, alcohols, and organohalogens. 

2 Cyclic compounds are less commonly available. Those that can be readily 
purchased usually include five- and six-membered rings with a single func- 
tional group. 

3 Many aromatic compounds are available, including essentially all the ben- 
zene derivatives with one and most of those with two functional group 
substituents. Side chains of up to four carbons with one functional group 
also are common. 

4 Virtually the only optically active, chiral molecules commercially available 
are natural substances such as simple sugars (Chap. 21), amino acids 
(Chap. 22), and terpenes (Sec. 23-2). 


For syntheses of complex natural products chemists usually use rather 
small synthons containing one to five carbon atoms. When the target contains 
a benzene ring, an aromatic starting material is usually used to provide that 
ring. Though a large starting-material molecule is desirable to minimize the 
number of necessary constructions, few such molecules are available. Often a 
compound prepared previously ога naturally occurring material can be used 
as the starting material. In Sec. 20-4C we will see how the steroid estrone is 
synthesized using a derivative of naphthalene. 
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D. Yield and Reaction Specificity 


Let us suppose that all reactions proceed in 100 percent yield. When 
faced with a set of synthesis routes, we would therefore prefer the route with 
the fewest steps and the cheapest or most available starting materials. How- 
ever, the yields of organic reactions are, in practice, rarely 100 percent. We 
have seen (Sec. 13-2) that in a multistep sequence the overall yield is the 
mathematical product of the yields of all the individual steps. A very 
marked attrition in the quantity of product formed takes place if even a few of 
the steps proceed in low yield. 

In designing a new synthesis, we are inevitably calling for specific con- 
versions that have not been previously carried out. Their yields cannot be 
predicted with any kind of accuracy even when those of closely related reac- 
tions are already known. We cannot simply calculate in advance the overall 
yields of several competing synthesis routes in order to pick the best route. 

The serious decrease in efficiency caused by poor yields leads us to 
formulate three important guiding principles to be applied when choosing 
between alternate synthesis routes: 


1 The central test of a good synthesis is that it has a minimum number of 
steps. 

2 The reactions selected should have at least a good precedent of high yields. 

3 The reactions selected must be closely examined so that one is as certain as 
possible that competing reactions are minimal. Competing reactions will 
seriously lower the yield and lead to difficult problems of separation. 


The third principle may be illustrated with some common examples. 
Suppose a synthetic intermediate has two carbonyl groups and that the next 
synthesis step calls for a reaction of one of those carbonyl groups with a 
Grignard reagent. If the sequence is to work efficiently, there must be good 
reason to believe that the rate of Grignard reaction of that one group will be 
much faster than that of the alternative carbonyl. Similarly, if a ketone enolate 
is intended to be used, as for an aldol or Claisen condensation, we must test 
the proposed reaction by asking in which directions the ketone is likely to 
enolize and ultimately react. They may not be the same! 


о 
HOCH, CH,OH 
+ HCHO Вазе or 


When a reaction can proceed at more than one site in the molecule, we 
speak of its regioselectivity, i.e., the preference it shows for one “region,” or 
“direction,” over the other. Elimination of HX to give a double bond often 
presents a problem of regioselectivity (Sec. 14-3), as does the direction of 
addition to a carbon-carbon double bond (Sec. 15-2). The former offers little 
means of control to the synthesis chemist, and so it is often a poor reaction to 
include in a synthesis plan. The latter is usually predicted by Markovnikov 
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orientation or similar mechanistic considerations and may be included with 
confidence in a synthesis route. 


PROBLEM Calculate the overall yield of each of the following sequences. Deter- 
20-3 mine the weight of each starting material required to produce one gram 
of product. 


Mg/Et,O CH,CO,CH, 


a 2Сн М0, CH, Mgl SHES» (СН) СОН ^L TM 


H,—C(CHy), MA CICH,C(CH,), 


b CH,(CO,C,Hy), + C,H,CH,Br 85е, 
C,H,CH,CH(CO,C,H,), "e ess 
O,H 
C H,CH,C(CO, CH, AS M пз, 


CH, 


_H,NNH,/OH~/A , 
правеа 77 эрча 


MgBr 


Tre Br/EeBr, | CO, 
70% 
CO,H 
_HNO,/H,SO, , ae, = 
T О О!” 


CO,H CO,H 


CO,H 
Len cm Hor, 
NH, 
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PROBLEM 


20-4 


Consider reaction specificity and side reactions to assess the feasibility 
of these synthesis steps: 


OH- CH,MgBr 
а C,H,COCH, + C,H,CHO —— C,H,COCH=CHC,H, = 


C,H,COCH,CH(CH,)C,H, 


b C,H,CH,COCH, + C,H,CHO 2%, 


C,H,CH,COCH=CHC,H, 2", cH, CH,COCH,CH,C,H, 


M HOB: 
c C,H,COCH, + CH,CHO 28-5 c,H,COCH=CHCH, 99, 


C,H,COCH(OH)CH(B:)CH, 


LiAIH, 
d C,H,COCH,CH,CHO 2, с,н,сосн,сн,снон)см P, 


C,H;CH(OH)CH,CH,CH(OH)CN 


20-2 Reaction Patterns 


Reactions that form carbon-carbon single bonds are key construction 
reactions. Such reactions require a carbon nucleophile to provide the elec- 
trons of the bond being formed and a carbon electrophile to accept them. The 
nucleophiles are typically carbanions or their equivalents and the pi bonds of 
alkenes or benzene rings. The electrophiles are electron-deficient carbon 
atoms like those of carbonyls and conjugated carbonyls or carbon atoms 
which readily become electron-deficient on departure of a leaving group. 

Reactions at functional groups may be construction reactions or some 
type of alteration of the functional group without a change in the carbon 
skeleton. In either case we know that functional groups provide the reactive 
centers at which reactions between synthons take place. 


Structural Patterns 


A useful approach to recognizing structural patterns derived from gen- 
eral reaction types is to develop a reaction chart. We did this for nucleophilic 
reactions in Chap. 13 (Table 13-1). The chart illustrates the types of structures 
obtained by particular nucleophile-electrophile combinations. Each side of the 
chart can be thought of as a half-reaction of acid-base or oxidation-reduction 
chemistry. 

We can now extend the data of Table 13-1 to include the electrophilic 
reactions of unsaturated carbon-carbon bonds (Table 20-1). These two charts 
(Tables 13-1 and 20-1) condense a large amount of information that is useful in 
simplifying recognition. The potential combinations of their components 
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PROBLEM 


20-5 


make up the major reactions of synthesis. We will learn to select from the 
boxes products that are most nearly like, or convertible to, the functional 
groups and structural types of target molecules. In that way appropriate start- 
ing materials or intermediates to produce the target can be deduced. The 
details as to which cases will really work must be sought in the preceding 
chapters dealing with the mechanisms and limitations of the reactions or from 
the abundant literature on organic synthesis. 


Elimination reactions do not easily fit into the nucleophile-electrophile 
classifications we used to construct the charts of Tables 13-1 and 20-1. 


Nevertheless, they are an important part of synthesis strategy. Develop 
a chart for elimination reactions that will be useful in structural recog- 
nition for synthesis. 


Another method used to recognize potential construction patterns is to 
count the distance, in carbon atoms, from one functional group to another or 
from one functional group to the point of bond formation. The distance, often 
known as the span, shows us a relation between the functional groups which 
are usually the key to bond-forming processes. The span provides easy recog- 
nition of how to dissect a target and find the best half-reactions for preparing 
the molecule. 

Consider, for example, the target molecule 6-methyl-2-heptanone. We 
can envision three reasonable half-reaction combinations, each involving a 
different distance between the functional groups of their precursor synthons. 
In reaction 1 the carbon atoms originally possessing functional groups are 
directly joined; their span is 2. This is typical of simple nucleophilic substitu- 
tion or addition reactions. Note that both of the original functional groups are 
altered in the bond-forming reaction. The span of three atoms between pre- 
cursor functional groups for reaction 2 is typical of an enolate anion reaction. 
Here only one of the functional groups is changed during bond formation. In 
case 3 the carbon atoms originally possessing functional groups are four 
atoms apart. This situation can arise when there is a conjugated precursor in 
which a double bond, which adds a two-atom separation, relays the func- 
tional group influence. 


Span Half-reactions 
N 
1 : Ill 
eh +€ 
: Mau) | 
Wirt < ны ia ) 
via 2 * * ч + n3 
Target $ 
Ў ac 
ри SS 
3 Z + 
М Mg(Cu) 


* The asterisks indicate functional group location; number = span. 
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In the synthesis of 1-phenyl-1-pentanone, several functional group span 
patterns and half-reaction matches are feasible. 


When pentanoic acid is an available starting material, construction А with a 
span of 2 is a reasonable choice. The requisite aromatic acylation can be ac- 
complished by a Friedel-Crafts reaction. 


Е 


Construction C also can represent a span of 2. Substitution on a carboxylic 
acid would be a reasonable reaction to use there. 


[9] 
CO,H 
Boe + 
Иб 


If ме are limited to benzene and aliphatic synthons of по more than 
three carbons, the skeleton shows dissection B with a span of 3 to be the most 
effective last reaction. An alkylation of acetophenone, which in turn arises 
from dissection A, completes one potential sequence. 


О 
o med ey | 
B ea А I 
=> +X AC C 
SM 


Construction D could be the result of a conjugate addition. 


о о 
Ё 
ge 


The reaction of epoxides with carbanions is a useful synthesis reaction. 


How does it fit into the span consideration? 
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PROBLEM For each of the target molecules below, mark carbon atoms at which the 
20-7 precursor synthons could have had functional groups. Suggest one set 
of precursors for the synthesis of each target. 


О. 
а с C.H; 
CO;R 


rin 


CH; 


B. Functional Group Interconversions 


Although construction reactions are the central focus of synthesis de- 
sign, there is often reason to use reactions that do not change the skeleton. 
The final construction product may not, for example, give the correct func- 
tional groups, so that the groups must be altered to create the target. Simi- 
larly, functional groups left by one reaction at an intermediate stage may have 
to be changed in preparation for the next construction step. In some cases the 
desired starting material may have to be made by altering functional groups 
of available starting materials. 

Functional groups are usually easy to interconvert if the carbon skeleton 
remains unchanged. Among the common reactions are conversions of hy- 
droxy to leaving groups such as halides and tosylate. Displacement by hy- 
droxy or by acetate followed by saponification reverses this sequence. The 
interconversions of hydroxy and carbonyl are readily accomplished by oxida- 
tion-reduction sequences (Fig. 20-1). 

All of the carboxylic acid derivatives may be interchanged, commonly by 
hydrolysis to the acid and then conversion to another derivative. Nitriles 


FIGURE 20-1 В— 0 C7H7SO2Cl/pyridine 

Hydroxy and H R— 0S05C7H; 
carbonyl group 
interconversions. 


HX; $0015; РВгз 


ЕХ 
1) OAc~ 
2) OH- 
АН; or NaBH, 
Wee ` 
Sao он-он 


NaOCl or CrO; 
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FIGURE 20-2 
Some intercon- 
versions of the 
carboxylic acid 
family and other 
terminal groups. 
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R—CH,OH sus) RCH—O 
] ection 
LiAIH, || СЮ, 
R—COCI 
R—CO,H R—CO;R «09 | 
RNH y R—CONR, 
—HO млн, 
LiAIH, 
ET NNI CL ЧИГЕН ӘР А 
КСМ д iS R—CH;NR; 


often arise in constructions, and their hydrolysis is a good source of the саг- 
boxy group. Reduction of nitriles is a route to primary amines, and both 
primary and secondary amines can be prepared by reduction of amides. Alde- 
hydes and primary alcohols, the other functional groups located at terminal 
carbons, are similarly related to acids by oxidation and reduction. Rather spe- 
cial reduction methods may be required to create the sensitive aldehydes. 
Figure 20-2 summarizes the interconversions related to carboxylic acids and 
their derivatives. 

There are procedures for introducing functional groups on carbon atoms 
next to functional groups. Halogenation of the position alpha to a carbonyl via 
the enol or enolate is one method, as is photochemical (Chap. 27) bromination 
adjacent to double bonds or benzene rings using N-bromosuccinimide. Elimi- 
nations are another possibility. 


Show sequences to interconvert the compounds below. Work out the 
problem in both directions when so marked. 


а C,H,COCH,CH, == C,H,—CH=CH—CH, 
b C,H,CH,COCH, == C,H,—CH—CH— CH; 
c C,H,CH,COCH, —> C,H,CH,CH(NH,)CH, 
с 
5 


1 
d "s PN d ame 
C,H; СО,Н == CH 
ОН H 
Дод von NH, 
CO,H Br 
Br 


734 Organic Synthesis 


C. Selectivity 


We must often change one functional group without affecting another, 
even when the two groups are similar. That is possible as long as the two 
differ significantly in the rates for the particular reaction. A difference of at 
least a factor of 10 must characterize the two rates so that one equivalent of 
reagent will react almost completely with one group and very little with the 
other. Certain reactions provide selectivity, as do certain reactant structures. 
The important kinds of selectivity are summarized here. 


1 Hydride reductions. Sodium borohydride generally reduces only ketones, 
aldehydes, and acyl halides; lithium aluminum hydride reduces those com- 
pounds as well as compounds of the carboxylic acid family. 

2 Catalytic hydrogenation. Carbon-carbon double and triple bonds and 
nitriles can be hydrogenated without affecting carbonyl groups or aromatic 
rings, since reduction of the latter groups is much slower. Reduction of 
triple bonds is faster than that of double bonds, thus the reaction can be 
stopped at the double-bond stage by use of a modified catalyst. Catalytic 
hydrogenation of aromatic rings is usually very slow. 

3 Saturated carbons. The reactivity differences at primary, secondary, and 
tertiary carbon atoms are usually adequate to provide selectivity. Esterifica- 
tion of alcohols also follows the same order (pri > sec > tert). Tertiary alco- 
hols are usually quite unreactive in esterification. 

4 Cyclic reactions. Cyclizations to form five- and six-membered rings are 
substantially faster than their intermolecular counterparts. They are usually 
favored in equilibrium situations as well. 

5 Carbonyl groups. The order of reactivity of carbonyl-containing functional 
groups with nucleophiles generally decreases in the following order. 


с=с со— R—CN 


R—COCI > R—CHO > 0 > R—CO,R' > > R—CO; 


PROBLEM 


20-9 


R’ CU cO R—CONR, 
6 Carbon-carbon double bonds. Carbon-carbon double bonds are unreac- 


tive to nucleophiles unless conjugated with carbonyl or other electron- 
withdrawing groups. 


Assess the feasibility of the following synthesis steps: 
а HOCH,CH,CH,CO,H -С%0н/н* , HOCH,CH,CH,CO,CH, 


b CH,=CHCH,CH,CHO SX, CH,—CHCH,CH,CH(OH)CN 


с CH,COCH,CH,CHO EN, cH,c(OH)(CN)CH,CH,CHO 


20-2 Reaction Patterns 735 
а CH,COCH,CH,CO,CH, 99“, CH,C(OH)(CN)CH,CH,CO,CH; 
e CH,CHCICH,CH,CH,CI > CH,CH(CN)CH,CH,CH,Cl 
H,/Pd-Pb 


f CH,—CHCH,C=CH —“——> CH,=CHCH,CH=CH, 


в H,NCH,CH,CH,OH -COC H,NCH,CH,CH,OCOCH, 
pyridine 


h CH,COCH,CH,CH,CI EE CH,COCH,CH,CH,CH,OH 
2 


D. Protecting Groups 


It is common that more than one functional group is involved in the 
intermediates during a synthesis. While one group functions as the reactive 
center for one reaction, others are saved for later purposes in the sequence. 
We must make sure that the conditions required for the desired reaction do 
not lead to reaction at the other groups. 

If parameters like those in the preceding section do not assure reaction 
selectivity, then some of the groups must be protected by first converting 
them to unreactive derivatives. Protection of functional groups can involve 
many of the reactions we have learned in previous chapters. The ketal, for 
example, is a common protecting group for aldehyde and ketone carbonyls. 
Carboxylic acids are often protected as their esters, while alcohols are pro- 
tected as esters or ethers. Conversion to silyl ethers, usually formed using 
chlorotrimethylsilane, is now widely used for alcohol protection. An impor- 
tant criterion when choosing a protecting group is ease of removal of the 
group when protection is no longer needed. 

The benzyl group has special value for protecting alcohols and carbox- 
ylic acids. Benzyl ethers and esters are cleaved by reductive hydrogenolysis, a 
reaction which does not affect other ethers and esters. 


C,H,CH,O CO;CH,CLH; HO. CO,H 
H,/Pd 


CO,CH, O,CH, 


Table 20-2 summarizes the formation and removal of some of the impor- 
tant protecting groups. 
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TABLE 20-2 Formation and Removal of 
Common Protecting Groups 


О. 
1 BhorH* “М / 
—C— + HOCH,CH,OH =a с 


Carbonyl * 


Ketal 
сњсо, 
Pyridine m 
+ Єнсоо TET © 
Ester 
CHCH, 
NaOH/THF 
Сн, ВЕ seen 
+ ©ңуснув TT 
or HBr 
OH Benzyl ether 
| hs 
-€- |+ (Hj;sic = (CH,),Si0 
or Н,О+ —C— 


Ам! or СН;ОН; | 
Trimethylsilyl ether 


WE 
+ Q о л, 
H,O+ | 


Tetrahydropyranyl ether 


SOCI,/NaOH 


—COH + ROH = —CO,R 
Carboxylic E Ester 
а 
NH, Саон 
um + (CH;CO)O === con 
3 
Amine Amide 


PROBLEM Although ethers are usually rather inert chemically, the tetra- 
20-10 hydropyranyl ether is used as a hydroxy protecting group because it is 
quite easy to remove. Explain that experimental fact. 


PROBLEM Can a protecting group be used to achieve the overall conversion 
20-11 shown in the reactions in Prob. 20-9 which you decided would not go as 


written? Several reactions, including protection and deprotection 
steps, would necessarily be involved. 
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E. Removing Functional Groups 


FIGURE 20-3 
Common meth- 
ods for removing 
functional 
groups. 


PROBLEM 
20-12 


Functional groups needed to direct construction reactions often do not 
appear in the target. It is important synthetically to have ways of removing 
functional groups completely. The main methods are outlined in Fig. 20-3. 


R—CO,H(R’) 7 ВСН ОЗ: СН, 
iL (Reduction) RCH,—OH ЧАН, | RCH,—H 
R—CHO loe RCH,—X 
ме о 
RCH,—Mgx 222 RCH,—H 
о 
к—-6-сод њо ag bday CO, + R'OH 


or 
1) H,O/OH-; 2) H,O*/A 


R H,NNH,/OH- RA 
Je L RISE СН» 
(H)R/ «rip. HR’ 
2RSH н, 
BE; Raney 
i 
Бур nickel 
(H)R^ “SR 
Nie ду N 7 
JO |o | CH CE 
Pd or Pt 
—с=с— CH CH= 


We recognize that hydroxy is probably the most important group 
through which the common functional groups can be removed. Every car- 
bonyl compound and every member of the carboxylic acid family is converti- 
ble to an alcohol and then to a C—H structure. Because of the importance and 
prevalence of carbonyl compounds in organic chemistry, other specialized 
methods for the conversion of carbonyl groups to methylene have also been 
developed. Alkenes and alkynes are usually converted to saturated hydrocar- 
bon groups by catalytic hydrogenation. 


Invent syntheses for the following hydrocarbons from starting materi- 
als containing three or fewer carbons. Use removable functional groups 
to direct the constructions. 


a Octane c 3,3-Dimethylpentane 
b 3-Ethylpentane а 2,6-Dimethylheptane 
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F. Annelation Reactions 


Ring-forming reactions are of special importance, since many synthetic 
targets contain cyclic skeletons. These reactions are referred to as annelation 
reactions (the term "annulation" is also used). We have already seen many 
examples of annelation that involve cyclization through intramolecular reac- 
tion of bifunctional compounds. 

Annelation reactions that create both bonds in one step, or at least in 
one laboratory operation, are particularly efficient synthetic tools. Cycloaddi- 
tions such as the Diels-Alder reaction (Sec. 16-3A) and the Robinson annela- 
tion (Sec. 16-2B) are typical. Diels-Alder reactions accomplish both bond- 
making steps in a concerted, regiospecific manner. The Robinson annelation 
is stepwise in that the initial Michael conjugate addition is followed by an 
intramolecular aldol sequence. 

We can dissect any ring in a target skeleton for annelation by cutting any 
one or two of its bonds and noting which fragments are rational synthons. In 
each case the resultant functional groups from any given annelation reaction 
can be compared with the groups found on that ring in the target. If the ring 
size is r and the two synthons contribute т and n atoms to the ring, then 
т = т + n and the operation is an [т + n]-annelation. Both the Diels-Alder 
and Robinson reactions are classified as [2 + 4]-annelations. Intramolecular 
cyclizations can be classified by the number of atoms in the target ring. The 
main annelation reactions are summarized in Table 20-3. Their product func- 
tional groups are shown oriented in relation to the new bonds that are con- 
structed. 

When a target is examined for annelation possibilities, we look initially 
only at the carbon skeleton for clues and then at the functional groups. If a 
cing that can be dissected for annelation has no functional groups, we must 
remember that the direct annelation product can be modified further to re- 
move its functional groups (Sec. 20-2E). In the example below there are a 


TABLE 20-3 The Main Annelation Reactions 


І Cycloadditions 
A or hy 


‚А 
y =N 
r=3(2 +1) =< H 
N Base NU 
———Ó С. 
м, 


Carbene x 


r=4(2 + 2) LE hy (ch. 27) 1+ 


A 
505991 
I 
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TABLE 20-3 (Continued) 
IL Others 


A 
r=6(2+4) = + ido 
"i 
r= 6(3 + 3) => hv 
X [9] 


pero id 


т=т+1 (СН) => (СН,)„-2 * Cds. 


сн, 
— fo.) = «о 
NOY, 


number of possible annelations of the right-hand ring. The first, a [4 + 2] 
electrocyclic reaction, is rejected because it derives from a rather large syn- 
thon that could require many steps to construct. The second and third predict 
either a Diels-Alder or a Robinson annelation of two smaller synthons. The 
former is selected because it offers simpler starting materials and a greater 
chance of proceeding by the required regiochemistry. 


О о 
Target 
[9] [9] 
SS 
(Diels-Alder) | | + — 
D d 
о о 


de n ш» o 
SS 
(Robinson) HW WEN 
[9] [9] 
о 
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PROBLEM 


20-13 


А cyclization may be treated as two half-reactions, even though both 
are taking place on the same reactant. Show a half-reaction involved in 


a cyclization to form (i) cyclohexanone, (ii) 2-acetylcyclopentanone, 
(iii) cyclohexene, (iv) diethyl 1,1-cyclobutanedicarboxylate. 


G. Fragmentation Reactions 


PROBLEM 
20-14 


Reactions which make carbon-carbon bonds are construction reactions; 
those that cleave carbon-carbon bonds are called fragmentation reactions. 
The former build skeletons and so are important in synthesis; the latter de- 
grade skeletons but also have some synthetic utility. Ozonolysis is an impor- 
tant fragmentation used as a source of carbonyl groups. The double bond in a 
compound about to undergo ozonolysis may be considered as two masked or 
protected carbonyls. For example, target molecules with two carbonyl groups 
at spans of 5 or 6 can be prepared by ozonolysis of the appropriate cyclopen- 
tene or cyclohexene. 


Fragmentations are very useful for making medium rings (7-10) which 
are not easily made by cyclizations. Show precursors that by ozonolysis 
can be used to prepare these compounds. 


O. О 
а 


The other important fragmentation is the decarboxylation of B-keto acids 
and f-diacids (Sec. 12-4B) often used for synthesis in conjunction with con- 
structions like alkylation or Michael addition of acetoacetic and malonate es- 
ters. In designing such a synthesis we see only the ketone or carboxylic acid in 
the desired product. The extra ester group is added to facilitate an enolate- 
type construction, knowing that we can cleave it as carbon dioxide when 
necessary. 


PROBLEM 
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I сол 


P 
ROI. A 


Deduce synthesis routes (construction sequences) to the following 
from starting materials of three or fewer carbons and/or benzene. Write 
the sequences backward. 


a 4-Oxo-4-phenylbutanenitrile 
b 2-Methyl-3-heptyne 
c 5-Hydroxy-5-methylhexanoic acid 


d 4-Phenyl-2-heptanone 


e Methyl 2-ethyl-3-oxopentanoate 


20-3 Stereochemistry 


A target molecule with chiral centers has 2" possible stereoisomers 
(Chap. 6). Even with only a few chiral centers, mixtures of stereoisomers can 
be a serious problem during a synthesis. Also recall that chiral compounds are 
not necessarily optically active, for they may exist as racemic mixtures. Unless 
chiral reagents are employed, optically inactive starting materials lead to opti- 
cally inactive products, even if a chiral center is generated. 

Many modern syntheses begin with one stereoisomer of a naturally oc- 
curring material such as a terpene, a carbohydrate, or an amino acid. The 
chiral center or centers already in the molecule then provide some degree of 
stereochemical control over the centers being formed. In such sequences it is 
very important to utilize reactions of known stereospecificity. Additional cen- 
ters of chirality may be introduced by kinetic control when one diastereomer 
is formed more rapidly than the other or by equilibrium control to give the 
more stable isomer. 

The major reactions which offer stereochemical control are summarized 
below. 

1 Nucleophilic substitutions (52) proceed with inversion of configuration. 
With that reaction stereoselectivity, a chiral center can be converted to one 
of the opposite configuration or a cis diastereomer can be converted to a 
trans diastereomer. 


H, H p-TsCl/pyridine H B K*OAc-/Acetone 
HO! Ts а 
Cis 
—— 
H 2) H,O* H 


Trans 
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Q 


A 


л 


Reductions of cyclohexanones usually yield the more stable equatorial iso- 
mer with sodium borohydride or lithium aluminum hydride. The less 
stable isomer is favored with hindered reagents, since the bulky reagent 
preferentially approaches from the less-hindered equatorial direction. 


CH, H, Hy 
NaBH,/THF BE 
or 
H 1 LAIH,/THE О 1 ог R,AIHLi НО’ 1 
но Н H H H 
More stable equatorial Less stable axial alcohol 
alcohol 


Acid- or base-promoted enolization of compounds in which the chiral cen- 
ter is alpha to a carbonyl group can lead to the more stable isomer. Here 
again, mixtures may be obtained if the two isomers do not have a signifi- 
cant difference in free energy (Sec. 4-1В). The terpenoid compound 
isodihydrocarvone is converted to dihydrocarvone, a flavor in cloves, on 
heating with either acid or base. Note that the two compounds are diastere- 
omers, not enantiomers; hence they have different values of free energy 
and their optical rotations are not equal and opposite. 


СНа(ах) 3 (eq)CH;, ,H 
H*/CH,OH/A e O 
Ж — 
H (eq) H E (eq) 
Isodihydrocarvone Enol Dihydrocarvone 
[0] = —23.7°C [alp = —15.6°С 


Ionic additions to carbon-carbon double bonds usually proceed stereospe- 
cifically by anti addition and regiospecifically following Markovnikov orien- 
tation (Sec. 15-2). Conformational factors must also be considered during 
reactions of cyclic alkenes. The "iodolactonization" reaction shown below 
15 a rather interesting example of an intramolecular addition to a double 
bond within a six-membered ring. 


ао) 
CO,H н. | H 
NaOH 
H —À 
+ I 
H 


Catalytic hydrogenations are syn additions and are usually reliably stereo- 
specific in proceeding from the less-hindered side of the molecule. When 
the double bond is in a ring, the addition is usually anti to the bulkiest 


substituent. 
CH, a 
ee (GES 
i 
H 
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PROBLEM 


20-17 
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6 Cycloadditions like the Diels-Alder reaction are syn additions in which 
maximum overlap of the interacting pi bonds further directs the stereo- 
chemistry. The Diels-Alder reaction is a very powerful synthesis tool capa- 
ble of controlling the generation of up to four chiral centers at one time. 


Ге) CH, о ЄН 
Sw, СН CH; 
+ DA 
22 
H i 
CH; Ó CH, 


Treatment of optically active (R)-3-bromo-3-deuterio-2-butanone with 
aqueous base leads only to racemic 3-bromo-2-butanone. Why doesn't 
one or the other stereoisomer predominate in the product mixture? 


Propose a mechanism for the iodolactonization illustrated in reaction 
number 4 above. 


When a target molecule is examined, it is always important to consider 
each chiral center and its relation to each other one, since it is these relations 
which will dictate the possibilities of stereochemical control. Note which cen- 
ters are in the more favorable or stable relative configurations. They may be 
formed by equilibration, whereas those in the less stable configurations must 
be created by kinetically controlled stereospecific reactions. 

Synthesis of the all-cis hydroxy-diacid shown below illustrates the ap- 
proach. This configuration is not the most stable, since at least one group, 
presumably hydroxy, must be axial. The CH/CO;H and OH are cis and could 
arise from a sequence involving the iodolactonization of a double bond. The 
trans iodo group so created could then be displaced with inversion by cyanide 
ion. Final hydrolysis does not alter configuration at any of the three chiral 
centers. 
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PROBLEM 


20-18 


Consider how you might synthesize the hydroxydiacid B from a mix- 
ture of stereoisomers of the 2-keto derivative A. 


H OH 


HO,C CO,H H 
—> но,с 


20-4 Applications and Examples 


In this section we examine some syntheses. The first is a hypothetical 
synthesis; we will dissect this problem in several ways, each in some detail, to 
show how features of value for the synthesis design may be seen and ex- 
ploited. The others are actual syntheses of natural products with commentary 
on the strategy behind the synthesis route chosen. In subsequent chapters on 
natural products we will consider other syntheses that illustrate synthesis 
strategy. When examining these sequences, try to see whether skeleton or 
functionality directs the choices, where and why protecting groups were 
used, how configurations were controlled, what starting materials were se- 
lected, and how that choice bears on the number of bonds that had to be 
constructed. In short, try to recast the thinking that went into the choice of 
the synthesis route. 


. 3-Methyl-6-hepten-2-one 


In order to design a synthesis for the target ketone 3-methyl-6-hepten- 
2-one from synthons of three or fewer carbon atoms, we look for direction to 
the skeleton and functional groups of the compound. The eight-carbon skele- 
ton can be divided only one way into synthons of three, three, and two car- 
bons in order to make the fewest new bonds. 


3-Methyl-6-hepten-2-one 


Alternatively, the target can be divided in half and each four-carbon 
synthon created separately. 
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The idea behind this second plan, called a convergent synthesis, is that the 
overall yield is more favorable if two halves can be separately synthesized in 
parallel and joined at the end of the synthesis. 


The preference for the convergent mode of putting synthons together 
can be illustrated by comparing two plans. Assume that each has five 
reactions. Suppose that each reaction proceeds with a yield of 75 per- 
cent and that starting material A has a molecular weight which is half 
that of the target, T. How much A must be used in each mode to synthe- 
size 1 kg of target? 


ABC 
Convergent: o» T 
DEF 


Linear: A—-^B—CoDoE-T 


Either bond of the 3-3-2 dissection can be formed initially in linear syn- 
thesis as long as a suitable functional group remains for formation of subse- 
quent bonds. We see that no functional groups are located at the right-hand 
bond dissection (A). Hence a preferred construction leaves no functional 
group at the new bond, but retains functionality at the position of the second 
bond formation. One choice is to use a three-carbon epoxide as electrophile in 
combination with a three-carbon nucleophile a dissection with a span of 3. 
The resultant alcohol can be converted to a nucleophile which, when added to 
a two-carbon electrophile (construction B with a span of 2) completes the 
target skeleton. 


Q 


^w. e— HO. * 
+ S 
(A) ch NONAS 
N 7 О 
l| , Br 
(B) Geh EP IR NO S 


А 
CH; 


If we elect to try the convergent synthesis, we recognize that the new 
bond represents a span of 3 relative to the carbonyl group and that no func- 
tionality is located on this new bond. An enolate alkylation is an appropriate 
choice. Note that an ester group is used to ensure that regiospecificity is 
attained in the key construction step. The ester is subsequently removed by 
decarboxylation. The requisite precursors can be prepared from small syn- 
thons as indicated in the equations below. 
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PROBLEM 
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2CH,CO,R 


о о 
ages = CO,R + CH,X 


Devise another construction for 3-methyl-6-hepten-2-one that utilizes a 
five-carbon synthon that already contains the ketone carbonyl group. 


Another route to 3-methyl-6-hepten-2-one might be through selective 
reduction and dehydration of the corresponding 2,6-diketone. 


pase 


Consider how this compound might be prepared from precursors of 
three or fewer carbon atoms. Evaluate the viability of the total synthe- 
Sis sequence. 


B. B-Vetivone 


The terpene (Sec. 23-2) B-vetivone is a constituent of oil of vetiver, a 
fragrance used in the perfume industry. Its structure was initially deduced 
incorrectly, and a synthesis was needed to prove the correct structure. The 
synthesis shown in Fig. 20-4 was not the first, but it illustrates nicely some of 
the principles of synthesis discussed in this chapter. Examination reveals that 
one can dissect the skeleton of the target into two nearly equal halves by 
opening the five-membered ring. 


EXC) 


B-Vetivone A 
Main synthon skeletons 


The two bonds required for the key construction represent a [4 + 1]- 
annelation (Table 20-3). Double alkylation alpha to a carbonyl can accomplish 
this annelation process. The requisite activation is effected by an adjacent 
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FIGURE 20-4 
Synthesis of £-vetivone. 
C 
OH 
CO,Et OH 
ie 1) t-BuOK 1) LiAIH,/Et,0 1) CH,Li/Et,O 
Ro 2) HO* сох 20° 2) CH,SO,CI/LiCI 
CO,Et и ji 
OH у 
CO,Et Q 
1) МаОЕУЕЮН ЕЮН 
О —, ——3À 
\ 2) н:0+/А H* ОЕ 
CO,Et 
B 
CH, OH 
p D PNG ort CH ort 0° 
2 +A 
(+)-B-Vetivone 


ketone which, through a subsequent Grignard construction, provides the 
methyl substituent and double bond. This then largely defines the two main 
synthons. Each synthon must be made separately, so that the synthesis be- 
comes a convergent one. 

Synthon A requires two primary carbons with leaving groups to accom- 
plish annelation by double alkylation. Further dissection of A into a three- 
and a four-carbon synthon indicates construction of a double bond. An aldol 
construction would introduce the double bond next to a carbonyl group 
(span = 3). In fact, the readily available diethyl succinate provided the requi- 
site activating group and subsequent functional group alteration led to both 
terminal chloro substitutions. 

A B-diketone structure is desirable for synthon B in order to have а 
ketone carbonyl group in the final target and another at the position needed 
for directing the [4 + 1]-annelation. One of these is first protected as base- 
stable enol ether. The diketone, which has a span of either 3 or 5, is derived 
from successive Michael addition and Claisen cyclization. The ester group 
used to direct the first addition is removed by acid-promoted decarboxylation. 

The two synthons can now be linked by forming the enolate anion of B 
and adding A. Initial alkylation occurs faster at the more reactive allylic chlo- 
ride. The lithium diisopropylamide reagent then forms the enolate anion of 
this product and the remaining chloride is displaced. Stereochemical control 
is exercised here, since this alkylation will preferably take place from the side 
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PROBLEM 


20-22 


opposite the adjacent methyl in order to minimize steric hindrance. Addition 
of methyllithium to the carbonyl provides the methyl substituent. The last 
step is "deprotection" of the required carbonyl and dehydration to its conju- 
gated double bond. 


In the synthesis of B-vetivone (Fig. 20-4): 


a The configuration of the methyllithium adduct is not specified. 
Comment on this in relation to the synthesis scheme. 


b The initial aldol condensation, called a Stobbe condensation, leaves 
one carboxy group as the free acid instead of the ester. Show the 
mechanism which explains why. 


с The construction of synthon B involves a [3 + 3]-annelation. Show 
the analogy with that in Table 20-3 and the mechanism involved. 


d The conversion of the B-diketone to its enol ether is a useful synthe- 
sis tool to protect one ketone selectively. What is the mechanism? 


е The deprotection of the enol ether at the end is also a useful device to 
uncover a protected unsaturated ketone. What is the mechanism? 


f The substitution for —OH by —С1 in the synthesis of A illustrates a 
practical problem typical of those that commonly come up in synthe- 
sis. Treatment of the diol with SOCI, (thionyl chloride) yielded a 
cyclic ether (C;H4;O), not a dichloride. Explain why this occurred 
and why the procedure used got around the problem. 


C. Steroid Synthesis 


The preparation of steroids (Sec. 23-3) has provided a major challenge of 
synthesis. One route to epiandrosterone (Fig. 20-5) is illustrative. Two succes- 
sive Robinson annelation steps on a naphthalene-derived starting material 
provide the steroid four-ring skeleton (Sec. 23-3A). In each case the conjugate 
addition step proceeds at that alpha position which forms the more favorable 
ketone enolate. Ultimately one of the rings must be contracted from six to five 
members by fragmentation and reconstruction. A dissolving metal reduction 
using lithium metal makes the aromatic ring amenable to modification and 
also introduces five chiral centers. In each case the more stable configuration 
of trans-fused chair rings is recovered. The attachment of the furan side chain 
serves two functions. It controls the regioselectivity in methylation of the 
ketone and then regenerates the double bond for ozonolysis to fragment the 
six-membered ring. The functional groups required to reclose the five- 
membered ring are formed in this latter reaction. 
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FIGURE 20-5 
Synthesis of 
epiandrosterone. 


о 
н 
CH. 1 1) H,/Pd 
H 2 (сно 


CH. 
2 COCH; CH; 
CH, CH; 
1) CH,O- 
H CO,CH; 2) H,O* H 
1 A 
HO (-co) НО H 


Epiandrosterone 
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In the synthesis of epiandrosterone (Fig. 20-5): 


a Identify on the target structure all the carbon-carbon bonds con- 
structed and fragmented. 


b The lithium reduction also gives a second minor, isomeric product. 
Write its structural formula. 


c What other product forms in the cleavage and oxidation by ozone? 


d Write mechanisms for the last two steps (CH;O^ and НзО*/А). 


A very economical synthesis developed for the industrial preparation of 
estrone uses a naphthalene derivative to start steroid rings (Sec. 23-3A) A and 
B. A separate synthon is made, convergently, to serve as the five-membered 
ring D, and then these are assembled in three successive constructions as 
shown in Fig. 20-6. The first is a simple Grignard addition; the second is an 
allylic substitution; and the third is an acid-catalyzed cyclization. The third 
reaction involves an isomerization of the double bond into the ring followed 
by its intramolecular reaction with the carbonyl, a process that is analogous to 
an aldol reaction. 

The reduction involves an interesting example of the use of kinetic and 
stereochemical control in a reaction. Hydrogenation is selective toward the 
less-hindered of the conjugated double bonds. The hydrogen also approaches 
the molecule more rapidly from the side opposite the angular methyl group to 
give the less stable stereoisomer. Potassium metal in liquid ammonia, a dis- 
solving reduction, reduces the remaining double bond and the carbonyl 
group so as to give the more stable reduction product. Alteration of functional 
groups completes the synthesis. 


In the synthesis of estrone (Fig. 20-6): 
a Invent a synthesis of the D ring synthon that uses 1-penten-3-one. 


b The first intermediate, an allylic alcohol, can be dehydrated. Try to 
invent a synthesis of estrone using that product in a Diels-Alder reac- 
tion. What are the regiospecificity and Stereospecificity problems 
that might come up? 


с Some steroids have an а, B-unsaturated ketone in the A ring. Can 
you functionally alter estrone methyl ether to obtain one? 


d Both the synthetic estrone and the f-vetivone of Fig. 20-4 are race- 
mic. Can you invent a way to resolve (Sec. 9-7) them, or their syn- 
thetic intermediates, to obtain the optically active natural products? 


e Suggest a mechanism for the step involving addition of 2-methyl-1,3- 
cyclopentanedione. 
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FIGURE 20-6 
Synthesis of estrone. 


бв 
(Naphthalene) — —> 1) CH, =CHMgBr о 
CH.O 2 H,0* CH.O HOAc/A 
3 


сн, 


O 
P [ 
O5 HCI/pyridine os 
EU am I 
CH,O HO 


(+)-Estrone 


р. Vitamin A 


The structure of vitamin A has attracted much synthesis attention not 
only for its intrinsic challenge but also because of the compound’s importance 
in nutrition. The sequence shown in Fig. 20-7 is one of a number of variants 
developed for commercial synthesis. Here the starting material is the readily 
available terpene citral, which is converted to B-ionone to provide the cyclic 
end of the target. The other synthons are small, common molecules assem- 
bled in a convergent fashion. 

The full skeleton, once assembled, needs some functional alteration. 
Hydrogenation of the triple bond gives a Z (cis) double bond which is isomer- 
ized in the dehydration, via an allylic carbocation, to the more stable E (trans) 
isomer. The primary hydroxy group is protected by acetylation before dehy- 
dration of the secondary allylic alcohol. Hydride reduction is used to avoid 
side reactions of the double bonds on deprotection as the final product is 
attained. 
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FIGURE 20-7 
Synthesis of vitamin A. 
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In the synthesis of vitamin A (Fig. 20-7): 
a Identify the major reactions of the synthesis. 


b What is the purpose of the reaction with CeHSMgBr? 
c Suggest a mechanism for the dehydration of the allylic alcohol. 
d Why does the acetic anhydride give only a monoacetate? 


Summary 


The design of a synthesis involves recognition of structural patterns in 
the target molecule that can lead to potential points of bond construction. The 
choice depends on the availability of efficient reactions and of appropriate 
starting materials (synthons). The synthesis problem is often considered in 
reverse, from the target to the available synthons (retro-synthetic approach). 

The choice and sequence of reactions may involve functional group in- 
terconversions along with or in addition to the construction reactions. Func- 
tional groups play a key role in synthesis, for reactions usually take place at or 
adjacent to them. Functional groups must often be protected or manipulated 
to attain the desired reaction specificity. In many cases a functional group will 
be introduced to control a particular construction, then removed before com- 
pletion of the synthesis sequence. 


Supplementary Problems 


The following reactions were proposed for use in certain syntheses. Do you think they 
will work as written? If not, can you fix them so that the product can be obtained? 


a CH,COCH,CH, + C,HCHO 299, CH,COC-CHGH, 
CH; 
b Cyclopentanone + CH;I/MeO- —> 2-methylcyclopentanone 
c C,H,COCH(CHy), + (CHjCHI Lu C,H,COC(CH3),CH(CHj), 


d C,H,COCH(CHj), + C;H,CO,CH, 209%, C,;H,COC(CH),COC Hs 


p о 
e Cydopentanone + LDA/THF + CH,=CHCOCH, —> Су 
А 
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о 
OH 
cpl ie 


в CH,CO,CH, + CH,CH,CO,CH, 20%, сњсоснсо,сн, 
CH; 


The functional groups present in each of the following compounds can control forma- 
tion of the bond(s) marked by an arrow. Write "retro synthetic equations for the 
appropriate constructions. 


\ H 
a FIL GISEOCHGOGER d 
ai CH; CH; 


/ 
b di e 


OH он 
CH, 4, | 
д, f сну CCH,CH.CH- CH, 
с 
WH, | 


Comment on whether these proposed synthesis reactions are likely to be successful. If 
you think not, try to devise an alternate route for conversion of the given starting 
material to the product shown. 
а CH,COCH,CH,CHO ~H., CH,CHOHCH,CH,CHO 

CO,CH, 
b CH,O;C(CH),CO,CH, + CH,CH,CO,CH, 20%, CH,0,C(CH,),CHCOCH,CH, 


с CICH,CHCH,CH,Cl + NaOH £, HOCH,CHCH,CH,OH 


H ÓH 
mss 
d CH,COCH,CH,CO;H + C;H,MgBr —> CoHSCCH,CH, 
CH, 


e CH,=CHCH,CH,CN 2/4 CH,=CHCH,CH,CH,NH, 
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20-29 Show an operation of one or more steps, for carrying out each of the following general 
and useful conversions. 


a RICO —> R,C(OH)CH,CO,CH, f ROH —> RCH;CH;CH;OH 


b ROH —> RCH,OH g RCOCH; —> RCOCH;CH;CO;H 
с RCHO —> RCH;CHO h RCH;OH —> RCH;CH;NH, 

а ROH —— RCH,CH,OH i СНОН —> R;C—CHCH; 

e ArBr —> ArCH,CO,H j RCO;H —> RCH)N(CHs)2 


20-30 Write the carbon skeleton of each of the following targets and dissect it into synthons 
of one or two carbon atoms. Suggest at least two possible approaches. Try to minimize 
the number of construction reactions. 


CO,CH, 
N 
a N b ОССУН, 
N^ CH; 
Nicotine Costing 


20-31 a Create some syntheses of acetone from one- or two-carbon synthons. 
b Use one-carbon starting materials to develop syntheses for (i) 2-butanone, 
(ii) 2-methyl-2-propanol, (iii) 1-iodopropane. 


20-32  Dissect the lactone illustrated below into synthons of a benzene ring and three or 
fewer carbon atoms and then develop a synthesis scheme for its construction. 


СН 


20-33 Develop a synthesis for each of the following compounds from the starting material 
indicated and any other required organic and inorganic materials: 


a es, from 
CI 
b e NS 
[9] 


H 


CO,CH, бот two-carbon precursors 


I 
c (CHj,CCCH(CH,), бот three-carbon precursors 


с 


CH, CH,CH(OH)CH, 
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HO,C, ОН 
е from 
м 


HO,C сон 


он CH,OH 
£ CHjCH—C—CH,CH, from СН,СО,СН; 
CH, 


20-34 ЕШ in the missing intermediates and reagents where indicated in the following synthe- 
sis of eudesmol. 


СН. 
SS B с 1D G 
vidis е}; ar^ F 


н. HO* INaBH/THF , 1)K 
i ; 2) H,O* Jor 


20-35 Develop synthesis routes to each of the following compounds. Allowable starting 
materials are compounds with no more than three carbons and/or benzene. 


OH 
a ho -Tti 
CO,H Е 224 Trimethylpentane, the 


isooctane of gasoline octane 


b Ш COH ws s 


c 8 HO,C 
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Carbohydrates comprise one of the major groups of naturally occurring 


organic substances. They are found in all parts of cellular material as both 
structural and functional components. The dry weight of plants is typically 
composed of 50 to 80 percent of the polymeric carbohydrate cellulose along 
with related structural materials. Carbohydrates are the structural backbone 
of the nucleic acids, RNA and DNA, and are the sugars that provide the 
storehouse for energy derived from the sun through photosynthesis. 

Isolation, purification, and modification of carbohydrates are the basis 
for many important industries. Lumber is a major structural material through- 
out much of the world. Wood, when chemically modified through pulping 
operations, becomes the source of paper. Sugar and starch products derived 
from plant materials play a major role in nutrition and the related food- 
processing industries. 

Carbohydrates will be the subject of our first detailed considerations of 
the chemistry of polyfunctional organic molecules, The emphasis will princi- 
pally be on the sugars, for the chemistry of these important carbohydrates has 
been extensively explored. Nucleosides and the related nucleotides will be 
treated as special carbohydrate derivatives. We will learn that the reactions of 
complex natural products are only extensions of the chemistry of simple or- 
ganic molecules. 


21-1 Characteristics and Properties of 
Carbohydrates 


Carbohydrates are precisely defined as compounds with the molecular 
formulas С„(Н,О),, that is, as hydrates of carbon. However, the word "car- 
bohydrate" is commonly used in a broader sense to designate substances 
composed of polyhydroxy aldehydes and ketones and their derivatives. Sug- 
ars, also known as saccharides, are generally treated as the typical carbohy- 
drates. Monosaccharides are carbohydrates which usually possess three to 
nine carbon atoms. The connection of two or more monosaccharides through 
oxygen bridges leads to oligosaccharides (usually 2-10 monosaccharide 
units) and to polysaccharides. 
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A. Nomenclature and Stereochemistry of 


Monosaccharides 


Because the IUPAC system leads to rather long and awkward names, a 
unique system of nomenclature has developed in the field of carbohydrate 
chemistry. We will not attempt to develop the system in any detail. Our 
approach will be to introduce common and systematic names as they are 
required for our discussion of the chemistry of specific carbohydrates. Con- 
sider, for example, the very important monosaccharides p-glucose (often 
known as dextrose) and p-fructose (often known as levulose). 


uae 
G 1, 
“н CH,OH 
H-I—OH Spes 
нон нон 
HOH н-- он 
Е нон 
*CH,OH Сн,он 
p-(+)-Glucose p-(—)-Fructose 


Glucose and fructose are six-carbon sugars and are therefore designated 
as hexoses. Five-carbon carbohydrates are known as pentoses; seven-carbon 
carbohydrates as heptoses; and so on. The fact that the carbonyl group of 
glucose is an aldehyde is indicated by classifying glucose as an aldohexose. 
The isomeric keto sugar fructose is classified as a ketohexose. Ketoses are also 
indicated by the suffix -ulose. Fructose is a hexulose. 

Fischer projection formulas (Sec. 6-5G) are a common way to represent 
monosaccharide molecules. The projection is normally drawn as a vertical 
carbon chain with the carbonyl group closest to the top. Carbohydrates are 
classified as either р or L depending upon the configuration of the highest- 
numbered asymmetric carbon atom (the asymmetric carbon atom at the low- 
est position in the vertical Fischer formula). The molecules that possess the 
same configuration at the highest-numbered asymmetric carbon atom as 
p-glyceraldehyde are p-monosaccharides. Those which are configurationally 
related to -glyceraldehyde are 1-monosaccharides. The р and т. designations 
have no particular relation to the signs—(+) or (—)—of optical rotation. 


HO CHO 
H OH HO H 
CH,OH CH,OH 
p-(+)-Glyceraldehyde L-(—)-Glyceraldehyde 


The presence of many chiral centers (Sec. 6-5E) in carbohydrate mole- 
cules gives rise to numerous potential stereoisomers. The aldohexoses with 
four chiral carbon atoms can exist as sixteen (2*) isomers. Figure 21-1 illus- 
trates the relation between p-glyceraldehyde and the C, through C, 
p-aldoses. 
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H н H H H H H H H HO H H H HO H 
H H H H HO H Hi H H H H HO H HO H 
H OH HO H H OH HO H H HO H H H HO H 
fe) о оно OHÓ оно OHD оно оно 
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Draw Fischer projection formulas for all of the D-2-ketohexoses. 


Provide the IUPAC names, with (R) and (S) configurational designa- 


tions, for D-glucose and L-glucose. 


B. Typical Carbohydrates 


D-Glucose is the most common monosaccharide, and it may be the most 
abundant organic compound in nature. It occurs free in blood (blood sugar) 
and numerous other body fluids and in plant juices (grape sugar), and it is the 
major monosaccharide component of many oligosaccharides and polysaccha- 
rides. Glucose is metabolized directly by the body (Sec. 21-5B). 

Glucose is obtained commercially by the hydrolysis of starch (Sec. 
21-3С) followed by crystallization from an aqueous solution. The filtrate re- 
maining, known as molasses, consists of about 65% D-glucose and 35% disac- 
charides and other oligosaccharides. 

D-Fructose, a monosaccharide isomeric to glucose, is a component of 
fruit juices and honey. p-Fructose is usually found in the presence of p- 
glucose and sucrose. A mixture of D-fructose and D-glucose is known as in- 
vert sugar. D-Fructose is readily converted to p-glucose in the body. 

Sucrose, the common table sugar, is a disaccharide composed of the two 
monosaccharides p-glucose and p-fructose bonded together. It is obtained 
from sugar beets and sugar cane, and it is one of the major industrial organic 
products. The filtrate from which sucrose is crystallized is ultimately recov- 
ered as blackstrap molasses. 

Lactose (milk sugar) is a disaccharide which is present in the milk of 
mammals. It is composed of D-galactose and D-glucose. Lactose is commonly 
obtained from whey, a by-product in the manufacture of cheese. 

p-Ribose and 2-deoxy-p-ribose are the carbohydrate constituents of the 
nucleic acids (Sec. 22-3D) found in all plants and animals. In the deoxy com- 
pound a hydrogen atom has replaced the hydroxy group at the number two 
carbon atom. 


1 


CHO HO 
H—4+—OH H H 
H—|—OH H OH 
нон H OH 

*CH,OH CH,OH 

p-Ribose 2-Deoxy-p-ribose 


Carbohydrates obtained by the reduction of the carbonyl to a hydroxy 
group in monosaccharides are known as alditols. The alditols p-mannitol 


762 Carbohydrates and Nucleosides 


PROBLEM 
21-3 


(related to p-mannose) and p-glucitol (related to D-glucose but often called 
sorbitol) are used commercially as wetting agents and sweeteners. 


Кө „ОН 
HO H H OH 
HO H HO H 

H OH H H 

H OH H H 

CH,OH H,OH 
n-Mannitol p-Glucitol 
(Sorbitol) 


The inositols are 1,2,3,4,5,6-hexahydroxycyclohexanes. Inositols are the 
most important of a class of polyhydroxycarbocycles known as cyclitols which 
are of interest as units in potential antibiotics. The inositols provide a model 
for the cyclic structure of monosaccharides (Sec. 21-2А). myo-Inositol, the 
most abundant inositol in nature, is found both free and combined in tissues 
of almost all living species. 


HO 


HO. H OH 


myo-Inositol 


There are nine potential stereoisomers (excluding optical isomers) of 


inositol. Draw all the isomers (chair conformations) and indicate which 
are meso and which can exist in dl forms. 


The aminosugar glucosamine (2-amino-2-deoxy-p-glucose) is found in 
mucin, a glycoprotein constituent of saliva. A polymeric form of glucosamine 
known as chitin (Sec. 21-3E) is a major component of the exoskeleton (shell) 
of many insects. 


o 
H——NH, 

H H 
H H 
H H 
CH,OH 
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C. Sweetening Agents 


Natural sweetening agents such as honey and fruit juices have been 
used since ancient times. The culture of sugar cane appears to have begun 
about 3,000 years ago, but it was not until the sixteenth century that refineries 
were erected for the large-scale isolation of cane sugar (sucrose). 

Sweetness is a rather subjective measure of the taste phenomenon. 
However, a scale of sweetness has been developed to compare sweetening 
agents, using sucrose as the standard (Table 21-1). The two monosaccharides 
of which sucrose is composed, p-fructose and p-glucose, are respectively 
more and less sweet than sucrose. A mixture of D-fructose and D-glucose, 
which is known as invert sugar, is sweeter than sucrose. Honey contains a 
significant percentage of invert sugar resulting from the hydrolysis of sucrose 
by the enzyme invertase (sucrase). Many other natural sweetening agents 
encompassing a very large range of sweetness are known. Some have struc- 
tural characteristics of monosaccharides, but others are quite different. 

Synthetic sweetening agents have been developed to eliminate the ca- 
loric intake associated with carbohydrate sugars. When the material is very 
sweet, quantities required and associated costs can be reduced. Saccharin and 
sodium cyclamate were the first widely used artificial sweeteners. Sodium 
cyclamate has been banned as a possible procarcinogen (Sec. 19-1D) and the 
long-term safety of saccharin consumption is so controversial that its use is 
now quite limited. 

The newest commercial artificial sweetener is aspartame, the methyl 
ester of the dipeptide derived from phenylalanine and aspartic acid (Sec. 
22-2). Aspartame has about 190 times the sweetness of sucrose and is cur- 


TABLE 21-1 Relative Sweetness 


Compound Relative Sweetness 
Lactose 0.2 

Raffinose 0.2 
D-Galactose 0.3 

Maltose 0.3 

p-Xylose 0.4 

Glycerol 0.5 

p-Glucose 0.7 

Sucrose 1.0 (standard) 
p-Fructose 1.7 

Sodium cyclamate 30 

Aspartame 190 

Sodium saccharin 500 


Neohesperidin dihydrochalcone 1,000 
5-Nitro-2-propoxyaniline 4,000 
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rently being used in low-caloric soft drinks. Another potential sweetener 
under study is neohesperidin dihydrochalcone, a carbohydrate derivative 
produced from the bitter components of grapefruit skin. 


H 
Г NHH | 
М 
CIS (Умное md Lous 
ен 
о №5 C,H,CH, 
Saccharin Sodium cyclamate Aspartame 


OH OH 


Neohesperidine dihydrochalcone 


The physiology of taste is a complex phenomenon which is not under- 
stood. The sensation of sweetness is believed to be due to the interaction 
between molecules of the sweetening agent and receptor sites on the tongue. 
The process is rapid and reversible, and it gives no evidence of involving any 
chemical reaction. A specific spatial arrangement between an acidic proton (a 
hydroxy hydrogen) and a Lewis base (an oxygen atom) is believed to account 
for the sweetness of common sugars. Stereochemistry may also play a key 
role in the sense of sweetness. The stereoisomer of aspartame that differs in 
configuration at the aspartic acid asymmetric carbon atom tastes bitter. 


21-2 Chemistry of Monosaccharides 


Farly interest in sugars provided a broad area for chemical investigation, 
which became quite active in the nineteenth century. The pioneer in the 
chemistry of carbohydrates was Emil Fischer, and the work for which he 
received the Nobel prize for chemistry in 1902 illustrates some fascinating 
chemical techniques and methods of inductive reasoning. Interest in carbohy- 
drates also derived from the knowledge that the sugar in grapes (D-glucose) is 
the material which ferments to ethanol. 
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The chemistry of monosaccharides is the chemistry of hydroxy and car- 
bonyl functional groups. However, as we consider the chemistry of carbohy- 
drates we recognize that we are dealing with compounds that—in contrast to 
most of the compounds seen in our earlier considerations of chemical reac- 
tivity—have both functional groups present within a single molecule. Both 
intra- and intermolecular reactions can occur. A rather important observation 
was that intramolecular cyclization of common monosaccharides produces 
favorable cyclic structures which account for many of the interesting proper- 
ties of these compounds. 


. Cyclic Structures 


The gross structure of glucose as an aldohexose was established in the 
mid-nineteenth century by work of many chemists including Dumas, Ber- 
thelot, Fittig, Baeyer, and Tollens. The optical activity of glucose and other 
common sugars also was recognized at that time. However, an understand- 
ing of the three-dimensional character of the molecules awaited the theories 
of an asymmetric carbon atom introduced in 1874 by van't Hoff and Le Bel 
(Sec. 6-5). 

Much of the early work suggested that glucose was a straight-chain poly- 
hydroxy aldehyde. Yet this formulation does not account for all of the reac- 
tions of glucose. Consider the following experimental observations: 


1 Glucose undergoes some, but not all, of the reactions characteristic of an 
aliphatic aldehyde. 

2 Esterification of the hydroxy groups of glucose with acetic anhydride pro- 
duces two isomeric pentaacetates. 

3 Reaction of glucose with methanol under acidic conditions produces two 
isomeric acetals while consuming only 1 mol of methanol. 

4 Careful recrystallization of glucose from water leads to two forms of glu- 
cose, each of which possesses a different optical rotation ([a]p +112° and 
+18.7°). 

5 Either of the forms of glucose slowly changes optical rotation in aqueous 
solution to yield the same final rotation ([@]p +52.7°) in a process known as 
mutarotation. 


All those data can be explained if glucose actually exists in isomeric 
cyclic forms—hemiacetals—resulting from the intramolecular addition of one 
hydroxy to the carbonyl group (Sec. 8-3A). Cyclic structures were proposed 
long before the three-dimensional character of molecules was understood. We 
now know that glucose exists principally as two six-membered cyclic hemiac- 
etals. The two isomers are diastereomers which differ only in the configura- 
tion at the hemiacetal carbon atom, the so-called anomeric carbon. Carbohy- 
drate stereoisomers which differ only in the configuration of the anomeric 
carbon atom are called anomers. All of the common monosaccharides can 
exist in а and В anomeric forms. 
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PROBLEM 


21-4 


PROBLEM 


21-5 


The anomeric 


carbon 
H OH HO H 
H OH H H 
Hi H HO H 
H OH H OH 
H H 
CH,OH „ОН 
a-p-Glucose B-»-Glucose 


Indicate how each of the following early experiments supports the con- 
clusion that glucose is a pentahydroxy aldehyde with a sequence of six 
carbon atoms. 


1 The complete reduction of glucose gives n-hexane. 


2 Glucose reacts with reagents such as hydroxylamine and phenylhy- 
drazine. 


3 Mild oxidation gives a monocarboxylic acid. 


4 Reduction of glucose with sodium amalgam gives glucitol, C5H140¢, 
which upon acetylation gives a hexaacetate. 


Discuss the five experimental observations that led to the proposal that 
glucose exists as hemiacetal structures. Use Fischer formulas to illus- 
trate the chemistry involved. 


Most common sugars exist in ring structures of six, or in a few cases five, 
atoms. The cyclic hemiacetal and hemiketal structures of carbohydrates are 
named by analogy to the heterocycles to which they correspond. A five- 
membered ring is known as a furanose by analogy to furan, and a six- 
membered ring is called a pyranose. Glucose exists principally in the 


pyranose form. 
soar 


WSS 
Furan Pyran 


. Haworth and Conformational Representations 


Fischer projection formulas are satisfactory for representing open-chain 
carbohydrate structures and in some cases even the cyclic forms. However, 
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the projections lead to rather awkward bond lengths for the cyclic forms, and 
spatial relations may be confused. Walter Haworth, who shared the Nobel 
prize for chemistry in 1937, developed a type of structural formula that uses a 
hexagon viewed from the edge and slightly above to represent the six-atom 
ring of glucose. The anomeric carbon atom is located at the extreme right 
vertex, and the ring is numbered in a clockwise direction beginning at that 
carbon. Substituent groups are placed on vertical bond lines passing through 
each carbon atom (vertex). 


The arrangement of substituents on a Haworth formula can be related to 
those of a Fischer projection in the following way (Fig. 21-2). 


1 Modify the Fischer formula so that all ring atoms lie along the vertical line 
(remember the rules for manipulating Fischer formulas; Sec. 6-5G). 

2 Proceed around the Haworth formula, placing groups lying to the left in the 
modified Fischer formula above the plane of the hexagon and those lying to 
the right in the modified Fischer formula below the plane of the hexagon. 


The spatial interactions between groups on the six-membered glucose 
ring are represented most accurately by a chair conformation (Sec. 6-3). The 
conventions used to draw Haworth structures can be extended to conforma- 
tional diagrams (Fig. 21-2). The ring oxygen atom is located at the upper right, 
and groups to the left in the Fischer formula are drawn upward from the ring. 
Axial and equatorial positions will logically follow. 


нон 
H—— OH 
HO—}—H 
H—|—OH 
н——О 
CH,OH 


Common Fischer 
projection 


FIGURE 21-2 
Relations between Fischer, Haworth, and conformational formulas of a-D-glucose. 


CH,OH 
Ў О, 
н 
Эте н H gus 
MISSE OH SUE Ae 
HO OH 
3 2 
H OH 
Modified Fischer Haworth formula Conformational 
projection formula 
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PROBLEM a Draw the two chair conformations of B-p-glucose. 


21-6 b Which of the two would you expect to represent the most stable con- 
formation of B-p-glucose? Why? 


Assignment of the а or В designation is dependent upon the relation 
between the configuration of the anomeric carbon atom and that of the carbon 
which determines р огт (the reference carbon atom; Sec. 21-1A) for the carbo- 
hydrate. When a Fischer projection formula of the cyclic molecule is so drawn 
as to indicate р огт at the reference carbon atom, the molecule is a if the 
anomeric group (OH or OR) is on the same side of the vertical carbon chain as 
the reference group and В if the reference and anomeric groups are on oppo- 
site sides. In the D series of compounds this corresponds to the anomeric 
group of an a-anomer being downward in the Haworth or conformational 
structures. In the 1. series it is the B-anomer which is drawn with the anomeric 


group down. 

Anomeric 

carbon atom сон HO-C— РЕСЕН 
сій, Gain 

Reference 
о T o— 

carbon аот” aal ШТ ET 

a-Anomer B-Anomer B-Anomer 


The optical rotations of a pair of anomers are often used as the basis for a 
tentative assignment of a or В configuration. In general, the a-p-anomer is 
more dextrorotatory than the В-р-апотег. In the 1. series the a-L-anomer is 
the more levorotatory. 


PROBLEM a Draw Fischer, Haworth, and chair representations of B-p-glucose 
21-7 and f-L-glucose. 


b The equilibrium optical rotation from mutarotation of p-glucose is 


+52.7°С. Use the optical rotations of pure B-p-glucose = +18.7°C 
and pure a-p-glucose = +112°С to calculate the percentages of the a 
and f isomers at equilibrium. How might conformational factors 
account for this result? 


C. Oxidation 


Oxidation has played an important role in carbohydrate chemistry and 
analysis. Reducing sugars are those sugars that are oxidized by such mild 
oxidizing agents as Benedict's, Fehling’s, and Tollens’ reagents. Each of 


PROBLEM 


21-8 
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these reagents contains a metal ion that is reduced during the process. Reac- 
tions with Benedict's and Fehling's reagents involve reduction of Cu?* to Cu* 
while Tollens' reagent involves a Ag* to Ag? conversion. The changes can be 
visually observed. Some of the reactions are used clinically as tests to detect 
sugar in urine. 

The first oxidation product of an aldose is a monocarboxylic acid known 
as an aldonic acid. Aqueous bromine and sodium hypoiodite are common 
reagents used to prepare aldonic acids. Benedict's, Fehling's, and Tollens' 
reagents also oxidize aldoses as well as 2-ketoses (a-hydroxy ketones) to al- 
donic acids, but they are usually not used in the laboratory synthesis of those 
acids. An aldonic acid is named by substituting -onic acid for the suffix “-оѕе” 
in the corresponding aldose name. 


CHO CO,H 
H 


H H OH 
HO H HO H 
Br/H,O 
B OH елаоиню2 Н СЕ 
H OH H OH 
H,OH 


p-Glucose 


CH,OH 


n-Gluconic acid 
An aldonic acid 


More vigorous oxidation converts aldoses or aldonic acids to aldaric 
acids, the result of oxidation at both the aldehyde and the terminal hydroxy at 
the opposite end of the molecule. Aldaric acids are named by substituting 
-aric acid for "-ose" in the monosaccharide name. 


CHO O,H 
нон нон 
нон HO—|—H 
to bre yoo fs 
"jon нон 
H,OH CO,H 
p-Galactose Galactaric acid 
An aldaric acid 


Explain why the oxidation of optically active galactose produces opti- 


cally inactive galactaric acid. 


Uronic acids are aldoses in which the terminal —CH,OH group has 
been oxidized to a carboxylic acid. Uronic acids are commonly prepared 
in the laboratory by air oxidation of the aldose, after the carbonyl has 
been protected. Other common routes to uronic acids include treatment 
of carbohydrates with specific enzymes, and sodium-amalgam reduction of 
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PROBLEM 
21-9 


PROBLEM 
21-10 


aldaric acid lactones. This latter method involves conversion of the lactone to 
a hemiacetal corresponding to the uronic acid. Uronic acids are named by 
replacing the ‘’-ose” suffix of the original aldose name by -uronic acid. The 
aldehyde carbon atom retains the number 1. 


7 
с но 
HO: H H H 
о SN разна JI CS PUER 
H О H OH 
H OH H: OH 
CO,H O,H 
р-Маппагіс acid- n-Mannuronic acid 
y-Lactone А uronic acid 


Show how reduction of an aldaric acid lactone ultimately provides the 


aldehyde group of the uronic acid. 


Tooth decay is due to the etching of tooth enamel by carbohydrate- 
derived acids. Bacteria in the mouth provide the necessary enzymes for the 
oxidation of the sugars. There is also evidence that certain bacteria in the 
mouth convert sucrose to a polysaccharide (Sec. 21-3) which ultimately forms 
the plaque that holds the decay-causing bacteria on the tooth surface. 

Because carbohydrates are 1,2- (vicinal) diols, oxidation by periodate can 
be used to degrade the molecules (Sec. 14-7A). Formaldehyde is obtained 
from each terminal alcohol and formic acid is the result of oxidation of a 
terminal carbonyl or of oxidation on both sides of an internal alcohol group. 
The proportions of formaldehyde and formic acid recovered are related to the 
original carbohydrate structure. Glucose, for example, consumes 5 moles of 
periodic acid and is completely degraded to 1 mol of formaldehyde and 
5 moles of formic acid. Results reflect the structure of the noncyclic carbohy- 
drate molecule under the acidic conditions of the reaction. 


Glucose + 5HIO, — 1HCHO + 5HCO;H 


In addition to cleaving 1,2-diols, periodate also cleaves a-hydroxy alde- 
hydes and ketones, a-diketones, a-hydroxy acids and B-amino alco- 


hols. What products would be obtained by the periodic acid degrada- 
tion of (a) mannose, (b) xylose, and (c) fructose? 
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D. Determination of Ring Size 


A modern chemist can utilize x-ray or nuclear magnetic resonance spec- 
tral techniques (Appendix) to determine the size of the hemiacetal or hemike- 
tal ring structures in which monosaccharides exist. However, many of the 
chemical methods originally used for ring-size determination are still of im- 
portance in carbohydrate chemistry and illustrate the logic of structure eluci- 
dation. 

Reaction of a monosaccharide with methanol in the presence of НСІ 
produces the œ- and B-methy! acetals or ketals. Carbohydrate acetals and 
ketals are known as glycosides. They are named by replacing the suffix 
“ose” with -oside. The glycosidic bond is of particular importance іп carbo- 
hydrate chemistry. It accounts for the linkage of monosaccharides into poly- 
saccharides and it is the usual connection of carbohydrates to other molecules 
(Secs. 21-2G and 21-3). 


а-о-Маппоругапове 


Methyl a-p-mannopyranoside Methyl B-p-mannopyranoside 


In the example above, conversion of D-mannose to its acetal derivatives 
provides compounds in which the anomeric carbon is stable to basic reaction 
conditions. Treatment of the methyl p-mannopyranosides with aqueous so- 
dium periodate consumes 2 moles of periodate in cleaving the remaining 1,2- 
diol bonds and produces 1 mol of formic acid and 1 mol of a dialdehyde. 
Identification of the products confirms that mannose and other common aldo- 
hexoses exist as six-membered (pyranose) rings. 


CH,OH 
Methyl p-mannopyranosides + 2NalO; AUN HCO;H + OHCCH—O—CHCHO 
OCH, 
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PROBLEM The a- and f-methyl p-mannopyranosides each produce a different 
21-11 dialdehyde stereoisomer on periodate degradation. Use Fischer projec- 
tion formulas to illustrate the stereochemistry in each case. 


PROBLEM a Given the information that glucose exists as a six-membered ring, 
21-12 use Fischer projection formulas to show the sodium periodate degra- 
dation of methyl p-glucopyranosides. 


b Would the products differ from those of the mannose degradation 
illustrated above? 


Fructose is converted to a glycoside (a ketal) which, on oxidation with 
sodium periodate, consumes 1 mol of periodate but produces no formalde- 
hyde or formic acid. Rather, 1 mol of a dialdehyde is formed. Identification of 
that product shows that fructose exists as a five-membered ring—a furanose. 


HOCH, о 
(OH, CH,OH) _CH,OH/HCI , 
мн 
H H 
a- ог B-p-Fructose 
(a- ог fi-o-Fructofuranose) 
HOCH 0 CH,OH CH,OH 
он Я(ОСНь CH.OH) + маю, Eum. онссн-о-—ссно 
H OCH, 
OH H 


Methyl p-fructofuranoside 


PROBLEM Many different ring sizes were predicted for glucose before chemical 
21-13 methods established the pyranose structure. Indicate the number of 
moles of periodate that would be consumed and the number of moles 


of formic acid and/or formaldehyde that would be produced if the glu- 
coside were a 3-, 4-, 5-, or 7-membered ring. 


Cyclic structures for some monosaccharides were first established in the 
1920s by another oxidative degradation method. Conversion of the hydroxy 


H 


HO 


H 


H Ес OH ) (CH;,50,/NaOH 
ү 3, 


H 


О, 


OH 
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group at the anomeric carbon atom to methoxy produces an acid-labile acetal 
or ketal. However, conversion of the other hydroxy groups to methoxy gives 
stable ethers. Vigorous oxidation of the polyether degrades the molecule 
without destroying the ether linkages. They remain to provide an indication 
of the position of ring closure. 

The cyclic structure of p-xylose was initially determined using the above 
technique. Methylation of the hydroxy groups was accomplished by a Wil- 
liamson ether synthesis (Sec. 11-4B) using dimethy] sulfate as the electrophilic 
reagent. It is now more common to use sodium hydride and iodomethane, or 
in some cases diazomethane, to methylate the hydroxy groups. Nitric acid 
was then used to hydrolyze the acetal and then to oxidize the molecule at the 
aldehyde and the carbon atom to which the resulting unprotected hydroxy 
group is attached. Identification of the largest product fragment indicated that 
xylose must be a pyranose. 


H,O+ 
or Н, OCH3) or NaH/DME; CH. fH, OCHS) 


I 
or CH,N,/Et,O/HBF, CHO 


p-Xylopyranose 


or 
Methyl p-xylopyranoside 


H HO CO,H 
H О, н OCH, H——OCH, 
H (н; OH) = cH,o—teH (NOS, |i cHo— +H 


з, CH, H н осн, H—|—OCH, 


CH,OH COH 


н осн, 
2,3,4-Trimethoxyglutaric 
acid 


(2,3,4-Trimethoxypentanedioic 
acid) 


Although most common monosaccharides exist in the pyranose form at 
equilibrium, the furanose ring is formed more rapidly. We have already seen 
(Sec. 10-3C) that cyclization to a five-membered ring is usually more rapid 
(kinetics) than formation of the conformationally more favorable (thermody- 
namics) six-membered ring. n-Mannose, for example, cyclizes to a methyl 
furanoside about five times faster than the pyranoside is formed even though 
the six-membered ring accounts for over 96 percent of the equilibrium mix- 
ture. 


774 Carbohydrates and Nucleosides 


PROBLEM 
21-14 


CHO 
HO—-—H 
HO——H снонла 
H—1—0OH 
нон H,OH 
CH,OH H О, 
р-Маппоѕе cunt Аё 


А ма (н, OCH,) 
um 
EU WB 


Methyl p-mannopyranoside 


a Methylation and subsequent nitric acid degradation of glucose pro- 
duce 2,3,4-trimethoxyglutaric acid. Trace the sequence of reaction 
steps to show how this product confirms a pyranose structure for 
glucose. 


b Methyl p-glucofuranoside can be obtained in certain cases. Show 
how the methylation-nitric acid oxidation sequence can be used to 
demonstrate the five-membered ring. 


E. Structure Correlations 


Correlation of structure and configuration has been accomplished 
through the buildup or degradation of monosaccharides one carbon at a time. 
The method proceeds through a homologous series of compounds which 
differ by one —CHOH unit. 

The most common procedure for building up an aldose—the Kiliani- 
Fischer method involves a cyanohydrin addition (Sec. 8-2) followed by hy- 
drolysis of the nitrile to produce an aldonic acid possessing one more carbon 
atom than the original aldose. Heating the aldonic acid forms a y-lactone (a 
five-membered lactone) which can be reduced to the new aldose. Sodium 
borohydride or catalytic hydrogenation is usually preferred as a means of 
reduction instead of the older sodium-amalgam technique. 


O;H COH 
Ne )Hcw/go НО H H HU. 
НО PME IL, MO s (or S s Quei далы es 
xs zi ET 
CH,OH БОН H,OH 


p-Threose р-Гухопіс acid D-Xylonic acid 
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] i CHO CHO 
G HO H H OH 
HO—|—H HON SE CHOSE H HOH 
+ —> + 
HO H HO H or H/Ni H OH H OH 
or Na-Hg 
H О H O CH,OH CH,OH 
CH,OH CH,OH p-Lyxose p-Xylose 
2 2 
y-Lactones 


The Kiliani-Fischer synthesis forms two diastereomers which differ 
in configuration at the number two carbon atom. Diastereomers which dif- 
fer at only one chiral center are commonly called epimers. In the example 
above p-lyxose and p-xylose are epimers. Anomers аге a special case of 
epimers which involves differences only at the anomeric carbon atom. Fig- 
ure 21-1 shows the relations which result from the buildup of aldoses 
from p-glyceraldehyde. 


PROBLEM The Kiliani-Fischer homologation usually produces a predominance of 
21-15 one epimer. Mannose, for example, leads to aldoheptose anomers ina 
ratio of 96:4. Suggest an explanation for these results. 


PROBLEM Another method of homologation of aldoses involves reaction with 
21-16 nitromethane followed by hydrolysis (the Nef reaction) of the salt of 
the aci-nitro intermediate. Suggest a mechanism for ће formation of 

1-glucose and -mannose from L-arabinose by this method. 


L-Glucose 


NO, NaOMe/MeOH 


L-Arabinose + CH; 


L-Mannose 
2096 


Degradation of aldoses to the next lower homolog has been accom- 
plished by the Wohl degradation. Yields are variable and often poor. The 
Wohl degradation involves dehydration of an aldoxime polyacetate to a nitrile 
(Sec. 14-7B) and then essentially a reversal of the Kiliani-Fischer reaction. 
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CHO CH—NOH CN 

©нон mo, (нон ASOANIONE CHOAC + CHO + AgCN 
Я 

CHOH OH CHOAc CHOH 

T 


Fischer's determination of the structure of glucose provides an interest- 
ing historical example of the approach that has been applied to structure 
elucidation. None of our modern instrumental methods of analysis were 
available at the time of his work (1891), so that the sequence of structural 
reasoning seems even more impressive today. When Fischer began work on 
the glucose problem, only a limited number of monosaccharides were known. 
Most were isolated from natural sources, and only gross structural character- 
istics had been established. 

In 1884 Fischer had demonstrated that carbohydrates react with phenyl- 
hydrazine. But unlike typical carbonyl compounds (Sec. 8-6B), the carbohy- 
drates consume 3 moles of reagent to produce 1,2-diphenylhydrazone deriva- 
tives known as osazones. Osazone formation is typical of a-hydroxy alde- 
hydes and ketones, and it involves oxidation of the a-hydroxy group by 1 mol 
of phenylhydrazine. In the case of the common sugars, reactions take place at 
carbon atoms 1 and 2. 

Osazones were the first general solid derivatives used in structural stud- 
les of sugars. Fischer found that (+)-glucose, (+)-mannose, and (—)-fructose 
all give the same osazone. This result demonstrates that those three hexoses 
must have the same configuration at carbons 3, 4, and 5. Since both glucose 
and mannose are aldohexoses, those two sugars must differ only in the con- 
figuration of carbon 2; that is, they must be epimers. 


CHO CH—NNHGH, CH,OH 
снон НАЗ F=NNHGH, инн, = 
R R R 
номе Ап osazone (—)-Fructose 
(+)-Mannose 


Of the 16 possible aldohexoses, 8 must be of the p series (Fig. 21-1) and 8 
must be of the enantiomeric т, series. Fischer arbitrarily (and correctly) as- 
sumed that (+)-glucose was а р-зираг. Carbons 3, 4, 5, and 6 of (+)-glucose, 
(+)-mannose, and (—)-fructose can therefore be represented as 


3 CHOH 
4 CHOH 


5 


R = HŽ он 
* CH,OH 


Oxidation of (+)-glucose and (+)-mannose with nitric acid produces two 
different optically active aldaric acids. This result, coupled with the knowl- 
edge that they differ only at carbon 2, indicates that the two sugars must be 
either the pair labeled glucose and mannose in Fig. 21-1 or the pair labeled 
gulose and idose. 


PROBLEM 


21-17 


PROBLEM 


21-18 


PROBLEM 


21-19 
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Indicate why the other four aldohexose isomers of Fig. 21-1 are elimi- 


nated as possible structures for p-(4)-glucose and p-(+)-mannose by 
the data presented above. 


(+)-Arabinose, an aldopentose isolated from beets, could be oxidized to 
an optically active aldaric acid, which indicates that it must have the struc- 
ture shown for arabinose or lyxose (or one of their enantiomers) in Fig. 21-1. 


Show why the aldaric acids derived from the other two aldopentoses, 


ribose and xylose, would not be optically active. 


Addition of HCN to (+)-arabinose followed by hydrolysis produced two 
aldonic acids, one of which was the enantiomer of mannonic acid and the 
other the enantiomer of gluconic acid. This information establishes two im- 
portant facts: 


1 (+)-Arabinose is an т-зираг enantomeric to the p-aldose series to which 
natural glucose and mannose belong. The т. configuration is unusual for 
natural sugars. 

2 The structure labeled p-(—)-arabinose in Fig. 21-1 must correctly be the 
enantiomer of natural arabinose if it is to correlate with the optically active 
aldaric acids derived from glucose and mannose. Knowing the structure of 
p-(—)-arabinose establishes the configurations at carbons 3, 4, and 5 of D- 
(+)-glucose and p-(+)-mannose and eliminates the gulose-idose (Fig. 21-1) 
structural possibilities. 

CO,H 


HO бнон 
нон n-on 
ПОМ nee 


2) н,0+ 
HO——H нон 
CH,OH H,OH 


L-(+)-Arabinose 


1-Mannonic acid 


а! 
1-Сіџсопіс acid 


Show why the structure indicated for p-lyxose (Fig. 21-1) does not lead 


to the two optically active aldaric acids obtained from glucose and man- 
nose. 


Fischer's logic for the final distinction between glucose and mannose 
depended on the structures of the 16 possible aldohexoses. n-Glucose will 
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produce one aldaric acid (glucaric acid) on oxidation, as will p-mannose (man- 
naric acid). But one of those aldaric acids can also be formed by the oxidation 
of another aldohexose, 1-gulose. When r-gulose was oxidized, the L-gularic 
acid obtained was found to be identical to p-glucaric acid. The final structures 
of p-(+)-glucose and p-(+)-mannose were therefore established. 
CHO OH CH,OH CHO 
н——Он H OH H H НОБ =н 
HO——H HNO, HO H HNO, HO H T HO——H 
ОА Eee ӨНҮ ТН OH —' H——OH 
Неон H H H OH HO—1—H 
CH,OH COH CHO CH,OH 
D-(4-)-Glucose p-Glucaric acid L-Gulose 
CHO O,H 
HO—1—H HO H 
HO——H умо, HO—L—H 
Di OH H 
ШОН, н н 
CH,OH O,H 
D-(4-)-Mannose p-Mannaric acid 
PROBLEM Another method that was used to make the final distinction between 
21-20 the possible structures of (+)-glucose and (+)-mannose is based on the 


prediction that the aldaric acid from one structure will form only one 


y-lactone whereas the aldaric acid from the other gives two y-lactones. 
(+)-Glucose actually gives two y-lactones. Show how this fact leads to 
the final structural assignments. 


F. Synthesis 


Independent synthesis (Chap. 20) provides the final confirmation of 
structure. We can again consider the classical work of Fischer for an example 
of the first synthesis of a hexose. Chemists of the nineteenth century found 
that the base-catalyzed condensations of formaldehyde or glyceraldehyde 
produce a complex, sugarlike syrup. It was this synthetic syrup from which 
Fischer recovered the starting materials for his synthesis. 

The osazone common to glucose, mannose, and fructose can be isolated 
from the syrup mixture in about 1-2 percent yield. Hydrolysis of the osazone 
produces a 1,2-dicarbonyl compound which can be selectively reduced to 
produce the 2-ketohexose (2-hexulose) fructose. 


PROBLEM 
21-21 
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HNH. H,O+ 
3CsHsNHNHs  osazone 2) 30 


> pL-fructose 
2) Zn/HOAc 


Syrup 


Reduction of the keto group produces the alditol pt-mannitol, which 
can be oxidized to pL-mannose and then to pL-mannonic acid. At this point 
Fischer carried out an enantiomer resolution (Sec. 9-7) to separate the р- and 
L-mannonic acids. р-Маппозе was finally isolated through sodium-amalgam 
reduction of the lactone derived from the p-mannonic acid. 


Na-Hj 2 Br,/H, 
pL-Fructose ae DL-mannitol НӨ; DL-mannose _Вы/Н,О , 


DL-mannoni id Ду йи 
=] ic 
о P 2) Recrystallize 


3) NaOH/H,O 


p-mannonic acid + t-mannonic acid 


p-Mannonic acid lactone НВ» p-mannose 

Fischer found that p-mannonic acid could be converted to p-gluconic 
acid using base. We now know that reaction is an epimerization proceeding 
through ап enol-like intermediate. Conversion of the p-gluconic acid to a 
lactone, followed by reduction to the aldehyde, produced p-glucose. The 
monosaccharides p-mannose and p-glucose had now been synthesized and 
compared with the natural materials. p-Fructose was subsequently prepared 
from p-mannose to complete the identification of the important sugars. 


ja-H, 


Bil p-gluconic acid к y-lactone Шен; p-(+)-glucose 


p-Mannonic acid 
or pyridine 


Use Fischer projection formulas to trace the steps of the Fischer synthe- 


sis of p-mannose and p-glucose from the original osazones. 


p-Glucose is an inexpensive and abundant starting material for the syn- 
thesis of many carbohydrates. For example, t-xylose, an aldopentose used for 
the preparation of ascorbic acid (vitamin C), can be prepared from p-glucitol 
(sorbitol), a polyol which is prepared industrially by the catalytic reduction of 
p-glucose. 


О CH,OH 
нон H—1—OH 
HO—|—H . ним. HO——H 
H H H—|—OH 
нон нон 
CH,OH CH,OH 
p-Glucose p-Glucitol 


(Sorbitol) 
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Conversion of the six-carbon glucose to the five-carbon xylose differs 
from the Wohl degradation discussed earlier in that the number six carbon 
atom must be removed in order to attain the stereochemistry of xylose. This is 
accomplished by first protecting (Sec. 20-2D) a portion of the p-glucitol so as 
to force a subsequent reaction at the desired position. An acetal of benzalde- 
hyde is used. The acetal protects two of the hydroxy groups and allows the 
remaining vicinal (1,2-) diol to be cleaved by periodate or lead tetraacetate. 
Hydrolysis of the new acetal produces r-xylose. 


CH,OH H,OH H,OH HO 
нон H "d H—\—OH HO H 
HO Н снсно Н н нон, 275049. 010, Ho НН OH 
"Б; о. 2) H,O* 
H OH њо H H H HO H 
НЕОН н——Он CHO CH,OH 
CH,OH H,OH 1-Xylose 


p-Glucitol 2,4-O-Benzylidene-p- 
glucitol* 


Protection of hydroxy groups is often a critical part of carbohydrate syn- 
thesis. Although selectivity in cyclic acetal or ketal formation is often difficult 
to attain, it is generally found that, at equilibrium, aldehyde reagents usually 
give six-membered cyclic acetals and ketones produce five-membered cyclic 
ketals. The two carbohydrate hydroxy groups which form the acetal or ketal 
must be cis if ring closure is to take place. Galactose, for example, forms a 
diketal with 2 moles of acetone. 


H 
C 
„ОН Я "e CH,OH 
+ XCHj,C—O0 -B*, CH; d 


và OH 


(H,OH) Ó 
2< 


p-Galactose CH; "CH; 
1,2;3,4-Di-O-isopropylidene- 
a-p-galactose 


PROBLEM L-Sorbose, а 2-ketohexose, is obtained from p-glucitol by a specific 
21-22 bacterial oxidation (Acetobacter suboxydans). t-Sorbose reacts with 
2 moles of acetone to give a five- and a six-membered ring diketal of its 
furanose form. Oxidation of the unprotected hydroxy with permanga- 
nate followed by hydrolysis to remove the protecting groups produces 
2-keto-L-gulonic acid. Trace these reactions and clearly show the struc- 
ture of the diketal. 


* The O in the name indicates substitution on a hydroxy oxygen atom. 


PROBLEM 
21-23 


PROBLEM 


21-24 
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CH,OH CH,OH 


O -=O 

HO——_H 
H——OH 

HO—1—H 


CH,OH 


L-Sorbose 


CH,OH 


2-Keto-1-gulonic acid 


The Kiliani-Fischer synthesis, which was so useful for structural elucida- 
tion, is now the principal chemical method for introducing a carbon-14 label 
into sugars. p-Glucose-1-C and p-mannose-1-^C are prepared from D- 
arabinose using H"CN. 


RET HCHO "CHO 
CHO CHOH HO-—H H OH 

HO. H 1) HMCN/H,O . HO: H 1A HO—-—H 4 HO H 

2) H,O* 2) NaBH, 

H OH H OH 3)H,0* H—— OH H: OH 
H H H OH Не -OH H OH 
CH,OH CH,OH CH,OH H,OH 
p-Arabinose p-Mannose-1-"'C n-Glucose-1-4C 


Show how p-glucose-2-'^C and о-таппозе-2-1*С can be prepared from 
p-erythrose. 


2-Amino sugars are commonly synthesized from their next lower homo- 
logs by a modified Kiliani-Fischer synthesis. The starting aldose is treated first 
with ammonia and then with HCN. The resulting 2-aminonitrile is hydro- 
lyzed and reduced. The structure of p-glucosamine was confirmed by its syn- 
thesis, along with the epimer p-mannosamine, from p-arabinose. 


CN CHO HO 

CHO CHNH, H—|—NH,  H,N—.—H 

H A HO H mL. HO—+-H + HO H 
H H H—|—OH Э№н | H—+—OH H OH 
H——OH H—|—OH нон H H 
CH,OH CH,OH CH,OH H,OH 


p-Arabinose 


p-Glucosamine 


р-Маппоѕатіпе 
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PROBLEM Propose a method for the preparation of N-methyl p-xylosamine from 
21-25 D-threose. 


Reduction of a halogen or tosylate derivative can be used to prepare 
some deoxy sugars. Protecting some of the hydroxy groups while directing 
reduction to a specific position is usually the most difficult aspect of the syn- 


thesis. 
C,H4CO,CH, HO 
TsO—CH H H 
1LAIHE&O , Н H 
2)H0* H H 
H 
C(CHj). 3 
ifs бн,он 
5-Deoxy-p-glucose 
H СІ н н н 
HO 
1) LIAIH,/THF_ Н 2 
— 
Н 2)Hj0* HO 
ч HOH нон) 
H 5 H 


6-Deoxy-p-glucose 


G. Glycosides 


A glycoside is the acetal or ketal of a cyclic aldose or ketose. The carbo- 
hydrate portion of a glycoside is termed the glycone and the noncarbohydrate 
portion the aglycone. 


H 
H снон 
HO 
HO т H H 
H CH, 
Glycone Aglycone 


Methyl a-n-glucopyranoside 


Glycosides are widely distributed in nature. The monosaccharide com- 
ponents of di- and polysaccharides (Sec. 21-3) commonly found in plants are 
joined together by glycosidic bonds. The important nucleosides (Sec. 21-4) 
are glycoside analogs in which the linkage to the aglycone is through a nitro- 
gen atom. For those glycosides that are not di- or polysaccharides, many of 
the significant chemical and biochemical characteristics are associated with 
к ы part of the molecules. The glycosides depicted in Fig. 21-3 are 

lustrative. 
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FIGURE 21-3 
Some naturally 
occurring glyco- 
sides. 


OH CH,Q 


HO 
HO HO 
| OH 


H H 
H 


Glucovanillin 
(Hydrolysis produces the flavoring material vanillin.) 


H H 
БОН CH,Q 


Erythromycin 
An important macrolide antibiotic 


We have already encountered the synthesis of simple glycosides from 
a monosaccharide and an alcohol in the presence of an acid catalyst (Sec. 
21-2D). Some syntheses involve exchange of one aglycone for another. The 
reaction is essentially an acetal or ketal exchange. When, for example, a fully 
acylated aldopyranose is treated with a phenol or alcohol, the more labile 
acetoxy group at the anomeric carbon atom is replaced. A mixture of isomers 
is often obtained under the acid-catalyzed conditions of the reaction. 


H H 
OAS но-( У-сн, 
Glucose DD ла > 
AcO. Aa os BOA 
i B 


Penta-O-acetyl-fi-p-glucopyranoside 
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H,O/KOH 


p-Methylphenyl-fi--glucopyranoside 


PROBLEM a The methyl glycoside of glucose exhibits an interesting conforma- 
21-26 tional property known as the anomeric effect. The a-anomer possess- 
ing an axial methoxy group is somewhat more stable than the g- 
anomer. This has been attributed to a more favorable dipole-dipole 
interaction between the methoxy group and the ring oxygen atom. 

Draw chair conformational formulas to illustrate this result. 


b In aqueous media, the B-glucopyranoside anomer of methyl gluco- 
side is actually favored slightly. Suggest an explanation for this re- 
versal of the stabilities of the pure compounds. 


Glycosol halides, relatively reactive acetal halides, are common precur- 
sors for the formation of glycosides. They are prepared by replacement of the 
hydroxy group at the anomeric carbon atom with halogen. Substitution by an 
alcohol or alkoxide leads to the glycoside. The reaction has been reported to 
proceed by both Sy1 and Sy2 mechanisms. 


ее уе 
bromide 
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p-Methoxyphenyl-fi-n-glucopyranoside 


PROBLEM The reaction of p-arabinose with ammonia produces the amino glyco- 
21-27 side p-arabinosylamine. Suggest a mechanism for the reaction. 


NH; 
p-Arabinose + NH, —> + HO 
OH 


H 


p-Arabinosylamine 


PROBLEM Account for the observation that the p-pyranosyl chlorides exist almost 
21-28 exclusively as a-anomers. 


Hydrolysis of glycosides takes place in aqueous acid, as is typical of 
acetals (Sec. 8-3A). Evidence that the aglycone departs with its oxygen atom 
was obtained by carrying out the hydrolysis with water enriched in '*O. The 
labeled oxygen was found in the glycone product. The following mechanism 
is consistent with these experimental data. 


H* H —CH,OH 
OCH, ` OCH FUE RON 
H H 
OH, 
/ v Ht 
< N—H = aos 
ХЛЫНЕ 
H H 
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PROBLEM 


21-29 


PROBLEM 


21-30 


a How does the '*O-labeled glycone derived from hydrolysis of methyl 
B-p-glucopyranoside in H,*O support hexosyl-oxygen bond cleav- 
age? 

b When tert-butyl B-p-glucopyranoside is hydrolyzed in Н,!80, tert- 
butyl-oxygen cleavage is observed. Account for the different result 
from that in part a. 


Anomerization (interconversion of anomers) of methyl p-glucopy- 
ranoside in acidic aqueous methanol can take place by pathways simi- 
lar to those proposed for hydrolysis or through a mechanism involving 
ring-opening formation of a dimethylacetal. Outline the mechanism of 
this latter potential pathway for anomerization. 


21-3 Oligosaccharides and Polysaccharides 


Carbohydrates composed of two or more monosaccharide units com- 
bined through glycosidic bonds are classed as oligo- and polysaccharides. 
Compounds that have 2-10 monosaccharide units are considered oligosac- 
charides, though those of interest are usually di- or trisaccharides. Most of the 
important polysaccharides possess hundreds of monosaccharide units. 


. Sucrose 


The only disaccharides found free and abundant in nature are sucrose 
and lactose. Sucrose is common table sugar and is widely distributed in 
plants. Lactose is the principal carbohydrate constituent of the milk of mam- 
mals. Hydrolysis of the glycosidic bond shows that sucrose is composed of 
D-glucose and p-fructose and that lactose consists of D-glucose and D- 
galactose. The position of the glycosidic bond and ring size for each monosac- 
charide in the disaccharides can be determined by modern spectral analysis as 
well as classical chemical methods. 

Consider the determination of the structure of sucrose. One.of the im- 
portant observations is that sucrose is not a reducing sugar (Sec. 21-2C). That 
is unusual among the common sugars. It indicates that the monosaccharides 
of which sucrose is composed have neither Open-chain nor hemiacetal ог 
hemiketal structures. The glycosidic bond which connects the two monosac- 
charides must link the anomeric carbon atom of glucose to the anomeric car- 
bon of fructose. Sucrose is an acetal-ketal. It can thus be called a fructosyl 
glucoside or a glucosyl fructoside. 

The question of whether sucrose has an a or B configuration at the 


PROBLEM 


21-31 
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glucosidic bond was precisely answered by the use of modern x-ray analysis 
as well as total synthesis. The data confirm that glucose is linked to fructose 
by an a-glucosidic bond and that fructose is linked to glucose by a f- 
fructosidic bond. 


Sucrose 


a The name "invert sugar" for an equal mixture of p-glucose and p- 
fructose originated in the experimental observation that the sign of 
optical rotation of the reaction mixture changes from (+) to (—) as 
sucrose is hydrolyzed. The specific rotation of sucrose is +66.5° and 
the equilibrium rotations of D-glucose and D-fructose are 152.7? and 
—92.4*, respectively. Predict the value of the specific rotation of in- 
vert sugar. 


b Sucrose crystallizes much more readily than most sugars, a fact that 
has been associated with the absence of mutarotation. How might 
absence of mutarotation contribute to the ease of crystallization? 


Cleavage of glycosidic bonds by specific enzymes is another method 
which has been used to establish configurational correlations. Sucrose, for 
example, is hydrolyzed by the enzyme a-p-glucosidase, a result which indi- 
cates the a-glucoside configuration. This result was confirmed when it was 
found that emulsin, an enzyme that only cleaves B-glucoside bonds, does not 
hydrolyze sucrose. Similarly, the hydrolysis of sucrose by invertase, an en- 
zyme which cleaves B-p-fructosides, shows that the p-fructose is present as a 
В-апотег. 

Ring sizes for the monosaccharide units of glucose were determined by 
methylation of the free hydroxy groups using dimethylsulfate, followed by 
degradation of the resulting octamethylsucrose. The ether linkages are stable 
to the degradation hydrolysis, and thus function as labels. Only the original 
acetal-ketal bonds are converted to hydroxy. The products show that the glu- 
cose component is a six-membered ring and the fructose is a five-membered 
ring. These are the same ring sizes in which glucose and fructose exist as 
monosaccharides. Sucrose is therefore named a-p-glucopyranosyl-B-p- 
fructofuranoside or f-p-fructofuranosyl-a-p-glucopyranoside. 
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(CH4,SO,/NaOH/H,O 
————————— 


Sucrose 


+ (HO, CH,OCH,) 


CHO н 
2,3,4,6-Tetra-O-methyl- 1,3,4,6-Tetra-O-methyl- 
p-glucopyranose D-fructofuranose 


PROBLEM The following experimental data were used to determine the structure 
21-32 of lactose. Indicate what each piece of data tells you, then use the infor- 
mation to establish a structure for lactose. 


a Hydrolysis of lactose using the enzyme emulsin or dilute acid pro- 
duces equivalent amounts of p-glucose and D-galactose. 


b Lactose is a reducing sugar. 


c Methylation of lactose with dimethyl sulfate followed by hydrolysis 
yields 2,3,6-tri-O-methyl-p-glucose and 2,3,4,6-tetra-O-methyl-p- 
galactose. 


d Mild oxidation of lactose with bromine water followed by methyla- 
tion and hydrolysis yields 2,3,5,6-tetra-O-methyl-p-gluconic acid and 
2,3,4,6-tetra-O-methyl-p-galactose. 


PROBLEM Sucrose can be cleaved using 3 equivalents of sodium periodate. Out- 
21-33 line the course of that oxidative cleavage. 


B. Other Oligosaccharides 


Maltose is a disaccharide obtained by the partial hydrolysis of starch 
(Sec. 21-3C). Further hydrolysis shows that maltose is composed of two mole- 
cules of D-glucose. Structural elucidation indicates that the anomeric carbon 
atom of one monosaccharide is connected to the number four carbon atom of 


the other. The enzyme maltase specifically cleaves the a-glucoside linkage of 
maltose. 
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Maltose 
(4-O-a-v-Glucopyranosyl-p-glucopyranose)* 


Cellobiose is a disaccharide of D-glucose which differs from maltose in 
that the glucoside linkage is В. Cellobiose has never been found free in na- 
ture; it is obtained by the partial hydrolysis of cellulose (Sec. 21-3D). 


H 
H 
H 
aa Œ, OH) 
CH,OH 
{бон 
Cellobiose 


(4-O-fI-o-Glucopyranosyl--glucopyranose) 


The major sugar found in the circulatory system of insects is @,a- 
trehalose, another glucose disaccharide. It is believed to be the source of 
energy for insects, and it is also a carbohydrate reserve in insect eggs, larvae, 
and pupae. In the plant kingdom a,a-trehalose is found in fungi and yeasts. 


a,a-Trehalose 
(1-O-a-»-Glucopyranosyl -a-p-glucopyranoside) 


The trisaccharide raffinose is widely distributed in plants, though it is 
present in very low concentrations. It is commonly recovered from the 
mother liquor (blackstrap molasses) during sucrose crystallization. Raffinose 
consists of one molecule each of D-galactose, D-glucose, and D-fructose, so 
arranged that galactose is attached to the number six carbon atom of sucrose. 


* Oligosaccharides are named as glycosyl aldoses or ketoses if they are reducing or glycosyl 
aldosides or ketosides if they are nonreducing. The name of maltose indicates that the 
glucopyranosyl group is connected by an oxygen atom in the alpha configuration to the number 
four position of the glucopyranose portion of the molecule. 
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Raffinose 


(O-a-p-Galactopyranosyl-(1 — 6)-a-p-glucopyranosyl 
B-p-fructofuranoside)* 


PROBLEM Which of the following oligosaccharides are reducing sugars? 
21-34 a Maltose с @,a-Trehalose 
b Cellobiose d Raffinose 


The synthesis of oligosaccharides can be accomplished by the same 
kinds of reactions that are used for formation of simple glycosides (Sec. 
21-2G). As the compounds become more complex, side reactions and isomer 
mixtures result in decreased yields of the desired material. One of the most 
useful methods of synthesis involves formation of a glycosidic bond between 
a glycosyl halide and a partially protected monosaccharide. Gentiobiose, the 
carbohydrate constituent of many glycosides, has been prepared by this ap- 
proach. 


H H 
H CH,OAc 


АсО + Ас 1) Ag,O/CHCI, 
AcO. H н 2)H,0/HO- 
H Br H Ac 
Tetra-O-acetyl-a- E T 
glucopyranoeyl bromide A ten Ern К^ їй 
H 


н Он g © OW) 
H 


Gentiobiose 
(6-O-B-v-Glucopyranosyl-p-glucopyranose) 


* The designation (1 — 6) indicates that the 1 Position of the galactopyranosyl group is con- 
nected, through an oxygen atom, to the 6 position of the glucopyranosyl group. 
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C. Starch 


FIGURE 21-4 
Amylose and the 
blue starch- 
iodide complex. 


Starch is the high-molecular-weight polyglucoside within which plants 
store carbohydrates. Plants and animals possess enzymes which hydrolyze 
starch to specific mono- and oligosaccharides as they are needed. a-Amylase, 
an enzyme found in saliva and pancreatic juice, converts starch to a mixture 
of maltose and glucose as part of the digestive process. The enzyme В- 
amylase, which is found in plants, hydrolyzes starch to maltose. Malt derived 
from barley is the common source of 8-атуіаѕе during the brewing of beer. 

Starch is a noncrystalline, partially water-soluble solid which occurs in 
plants as small granules found chiefly in the roots. Typical starch is composed 
of about 25% amylose, a linear polysaccharide, and 75% amylopectin, a 
branched material. The p-glucose units of amylose are connected between the 
anomeric (number one) carbon atom of one unit and the number four carbon 
atom of another. The o-glucoside chain forms a helix with six glucose units 
per turn. The characteristic deep blue color developed by starch in the pres- 
ence of iodide is believed to be due to a complex which forms when an I5 
species is held within the polyglucoside spiral (Fig. 21-4). 

Amylopectin, the water-soluble component of starch, differs from amy- 
lose, the water-insoluble component, in that a polyglucoside side chain is 
connected to the number six carbon atom of about each twenty-fifth glucose 
unit. Branching inhibits helix formation. A rather weak red complex forms 
with iodide. The gross structural character of amylopectin was demonstrated 
by the isolation of 2,3,6-tri-O-methyl-p-glucose in addition to some 2,3-di-O- 
methyl-p-glucose and 2,3,4,6-tetra-O-methyl-p-glucose on methylation and 
subsequent hydrolysis. 


Amylose 
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PROBLEM 
21-35 


PROBLEM 
21-36 


Amylopectin 


à Indicate how the three polymethyl glucose fragments obtained by 
methylation and hydrolysis of amylopectin support the structure 
proposed. 


b How would the products from similar treatment of amylose differ? 


How might the gross structural difference between amylose and amylo- 


pectin account for the markedly different water solubilities of the com- 
pounds? 


Mild hydrolysis of starch with dilute acid produces dextrin (corn syrup), 
a mixture of maltose, p-glucose, and branched oligosaccharides. Dextrin is 
often a component of infant diets because it is readily digested. Cyclodextrins 
(cycloamyloses) are cyclic oligosaccharides of D-glucose which usually pos- 
Sess six to eight glucose units. The compounds have relatively rigid 
doughnut-shaped structures, and they have attracted interest as possible 
natural complexing agents similar to the crown ethers and cryptands (Sec. 
10-3D). 

Starches, in addition to their consumption as a source of carbohydrates, 
are used in foods as thickening and jelling agents. The major nonnutritional 
applications of starch are as sizing agents to improve the strength of fabrics 
and the writing qualities of paper surfaces. 

Glycogen, found in the muscles and liver, is the animal counterpart of 
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starch. Its 1,4- and 1,6-polyglucoside structure is similar to that of amylopec- 
tin, though glycogen is even more branched. It is believed that the branched 
structure allows a more specific fit between hydrolytic enzymes and the sub- 
strate, and therefore allows ready formation of glucose when needed by the 
body. 


. Cellulose 


Cellulose is the main constituent of plant cell walls. Wood is 40-50% 
cellulose, and cotton and flax (from which linen fabric is made) are over 90% 
cellulose. Exhaustive hydrolysis of cellulose produces D-glucose. The struc- 
ture of cellulose is a linear sequence of glucose units linked by 1,4-glucoside 
bonds. Cellulose differs from amylose starch in that all the glucosidic configu- 
rations are В. The poly--glucoside structure is a favorable configuration be- 
cause all substituents are equatorial. 


H H 
H 
HO ifie | 
о 
1 coH | 


Cellulose 


Humans do not have enzymes that can hydrolyze cellulose and thereby 
utilize its component glucose. In some species, hydrolysis of cellulose is ac- 
complished by a group of enzymes known as cellulases. The cellulases, 
which are produced by bacteria and fungi, are capable of cleaving the B- 
glucoside linkage. Cud-chewing animals (ruminants) such as cows, as well as 
the insect pests termites, are able to utilize cellulose as a source of glucose 
because they possess parasitic bacteria which provide cellulases. 

X-ray analysis has confirmed that cellulose exists as long, parallel chains 
which are held together by hydrogen bonds. Groups of cellulose chains that 
are called fibrils and possess a diameter of about 200 А (20,000 pm) account 
for the fibrous character of plant materials. The structural rigidity of wood is 
attributed, in part, to the additional contributions by lignin (polymeric phe- 
nols) and hemicelluloses which connect the polyglucoside chains through 
cross-links (Sec. 25-1A). 

The general resistance of cellulose to chemical reactions is apparently 
associated with its fibrous structure. Most reagents simply cannot effectively 
penetrate the fibril surface. Alkylation and acylation of cellulose do occur, but 
usually only at certain of the outer hydroxy groups. Hydrolysis of cellulose 
(saccharification) as a source of oligosaccharides for animal feed and chemical 
raw materials is receiving increasing interest, but at this time it is not an 
important industrial process. In Chap. 25 we will see that certain chemical 
modifications of cellulose are important for the production of fabric and plas- 
tic materials. 
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PROBLEM 


21-37 


PROBLEM 
21-38 


The largest chemical use of wood is as a source of cellulose. Oils and 
resins such as terpenes (Sec. 23-2) are first removed by steaming (steam distil- 
lation) the crude wood pulp. Chemical treatment then removes the noncel- 
lulose components, principally lignin, and allows recovery of pure cellulose 
fibers to be used in high-quality paper and other cellulose derivatives. 

Delignification of wood is carried out by two chemical processes. The 
kraft, or sulfate, process is a modification of the older soda process. Hydrox- 
ide, in the presence of sulfide to maintain a relatively constant concentration 
of НОТ, hydrolyzes the lignin and solubilizes the phenolic components as 
phenoxides. In the sulfite process an alkaline bisulfite solution sulfonates the 
aromatic groups derived from lignin, and they are carried away as water- 
soluble sulfonate salts. 


Why do the cellulose molecules remain relatively intact through the 


vigorous pulping process? 


Sulfonation of phenolic compounds from lignin is believed to take 
place through a mechanism which involves bisulfite addition to a car- 
bonyl intermediate. Suggest a pathway for this process. 


OH SO; Na* 


OCH, OCH, 
+ NaHSO, “5 + H,O 


. Other Polysaccharides 


Chitin is the most abundant of the amino polysaccharides. Like cellu- 
lose, chitin is an important structural polysaccharide. The hard shells of many 
insects and animals found in the sea are composed of about 30% chitin. 

Acid hydrolysis of chitin produces equimolar quantities of glucosamine 
and acetic acid. More careful cleavage of the polysaccharide gives the actual 
monomer unit, 2-acetamido-2-deoxy-p-glucose. Chitin is a poly-8-glucoside 
possessing 1,4-glucosidic linkages. 


PROBLEM 
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Lichenan is a polysaccharide found in moss. It is a poly-B-p-glucoside 
which differs from cellulose in that both 1,3- and 1,4-linkages are present. 
Structural studies show that lichenan consists of repeating cellotriose units 
(1,4-B-tri-p-glucoside) which are connected together by 1,3-B-p-glucoside 
bonds. Studies with lichenan first demonstrated that the enzymes which hy- 
drolyze glucosidic bonds are specific to configuration as well as the glycoside 
structure. 


Draw the repeating structural unit of lichenan. 


Pectins are polyuronic acids that are abundant in fruits such as apples 
and the citrus varieties. Though a wide variety of different pectins have been 
identified, the polysaccharides of p-galacturonic acid are the most common. 
Citrus pectin consists principally of 1,4-a-linked p-galacturonic acids in which 
some of the carboxylic acid groups are methylated. Pectins are widely used as 
the jelling agent in fruit jellies. 


Partial structure of citrus pectin 


Heparin is a complex polysaccharide which has an important role in the 
regulation of blood coagulation; it is used clinically as an anticoagulant. The 
major repeating structural component of heparin is a glucuronic acid con- 
nected to a glucosamine. A variable degree of sulfonation is also found in the 


polysaccharide. 


Partial structure of heparin 
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21-4 Nucleosides and Nucleotides 


The terms “nucleoside” and "nucleotide" strictly refer to the purine and 
pyrimidine (Sec. 19-2) glycosides derived from nucleic acids (Sec. 22-3D). It 
has, however, become common practice to include some of the structurally 
related coenzymes found in cells in the nucleotide classification. The common 
structural characteristic of all of these compounds is the presence of a carbo- 
hydrate group, usually ribose or deoxyribose linked to a heterocyclic amine. 


А. The Structure of Nucleosides 


The major nucleosides are 8-glycoside derivatives of p-ribose or D-2- 
deoxyribose. The aglycone (Sec. 21-26), a purine or pyrimidine base, is con- 
nected to the carbohydrate through one of the heterocyclic nitrogen atoms. 
The purine bases are adenine and guanine; the pyrimidine bases are cytosine 
and thymine in the 2-deoxyribosides and cytosine and uracil in the ribosides. 
Figure 21-5 illustrates the common nucleosides. 


B. Chemistry of Nucleosides 


Nucleosides are readily hydrolyzed by dilute acid into their component 
carbohydrate and heterocyclic base. But, like the analogous oxygen glyco- 
sides, they are relatively stable in base. The mechanism of hydrolysis is be- 
lieved to proceed by protonation of the acetal oxygen atom followed by open- 


FIGURE 21-5 NH, О 
Nucleosides de- N 
rived from nu- NN М 
cleic acids. © | E < Ir 
P 
HOREN N^ “м “мн, 
HOCH, „©. F 
H 
H H H 
OH OH(H) 


Adenosine (deoxyadenosine) 


NH, о 


OH OH(H) 


Cytidine (deoxycytidine) Uridine (R = Н; К = OH) 
Thymidine (R — CH; К = Н) 
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ing of the carbohydrate ring and subsequent hydrolytic cleavage of the 
nitrogen heterocycle. 


н OH 


Nucleosides have been prepared by a variety of synthetic methods. 
Acid-catalyzed substitution by a nitrogen nucleophile on the monosaccharide 
is analogous to the formation of oxygen-linked glycosides (Sec. 21-26). А 
mixture of a- and B-anomers is generally obtained. In the example below, one 
adenine nitrogen is protected as an amide. Final hydrolytic removal of that 
protecting group is carried out in base so as to avoid hydrolysis of the glyco- 
side-like linkage. 

AcNH 


AcOCH, А. 
о Я / “SN тон 
н H Ч | = ч 
H H NÍ 
H 
Ас OAc 


H,0/OH- 
+ a-anomer (HOO S, 


Adenosine 
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C. Nucleotides 


PROBLEM 
21-40 


Nucleotides are phosphate esters of nucleosides, and they are acidic 
owing to the hydroxy groups on the phosphate. Adenosine, for example, can 
be isolated as monophosphate, which is referred to as adenosine monophos- 
phate (AMP) or 5'-adenylic acid. Esterification at the 5’ position is common in 
adenosine nudeotides, though 2' and 3' adenylic acids also exist. A cyclic 
monophosphate of adenosine, adenosine 3',5'-cyclic phosphate (cyclic AMP) 
is found in certain cells, and it is believed to play a role in transmission of 
genetic information. 


Adenosine monophosphate Adenosine 3',5'-cyclic monophosphate 
(AMP) (Cyclic AMP) 


Will nucleotides found in biological systems (pH ~ 6-8) exist as disso- 


ciated or undissociated phosphates? 


Adenosine also exists as a 5'-diphosphate (ADP) and a 5'-triphosphate 
(ATP). In Sec. 11-6D we learned that ATP is a carrier of phosphate in many 
enzymatic reactions and that the ATP-ADP interconversion is a major source 
of energy for biological processes. Another important function of many of the 
nucleotides is to serve as carriers of specific molecules in biosynthesis. Uri- 
dine diphosphate, for example, is a specific carrier of glucose units in the 
synthesis of the polysaccharide glycogen. 


CH,OH 
H Он 
Н Í NH 
HHA | | £u 
оњ O—P—O—P—OCH, N^ SO 
H OH H H 
BN Wu 
H OH 


Uridine diphosphate glucoside 
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PROBLEM Cytidine diphosphate is a carrier of choline in certain biological proc- 
21-41 esses. Draw the structure of cytidine diphosphate choline. 


The coenzymes nicotinamide adenine dinucleotide (NAD*) and flavin 
adenine dinucleotide (FAD) are very important nucleotides which are re- 
sponsible for electron transfer in biological oxidation-reduction. In Sec. 8-4D 
we saw that hydride-transfer reduction from the dihydronicotinamide group 
can proceed stereospecifically. The isoalloxazine heterocyclic component of 
FAD also undergoes oxidation-reduction. 


Riboflavin 


Flavin adenine dinucleotide (FAD) 


H 
N 
ер | NH 
CH; N wo 
| H 


Reduced isoalloxazine group of FADH, 


PROBLEM Riboflavin monophosphate, a part of FAD, is normally classed as a 
21-42 mononucleotide, but it does not fit the strict definition of a nucleotide 


(nor is riboflavin a nucleoside in the exact sense). What structural char- 
acteristic makes it different from nucleotides (or nucleosides)? 
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A. 


Sunlight, Carbohydrates, and Energy 


The principal source of the energy required for life processes is sunlight 
captured through photosynthesis, the process whereby green plants and cer- 
tain algae, bacteria, and other photosynthetic organisms convert the sun's 
energy into the energy of chemical bonds. Carbohydrates are the storehouse 
for this energy. 

Photosynthesis and the subsequent utilization of stored energy— 
glycolysis and respiration—have been extensively investigated because of 
their fundamental importance to life. Today we understand much about the 
transformations associated with those complex processes. As we briefly con- 
sider their chemistry, keep in mind that each reaction is directed by the very 
sophisticated biological catalysts known as enzymes (Sec. 22-3C). 


Photosynthesis 


Though Priestly observed that green leaves provide an atmosphere ca- 
pable of supporting combustion, it was not until the mid-nineteenth century 
that the relation between sunlight and the production of oxygen and organic 
materials was recognized. We now know that photosynthesis takes place in 
the chloroplasts of green plants and that chlorophyll (Sec. 15-4D) is responsi- 
ble for the absorption of sunlight. Furthermore, the chemical reactions which 
convert water and carbon dioxide to hexoses in green plants are endergonic. 
Sunlight is the energy source for the process. 


6H,O + éCO, М8, C H,O, + 60, 
AG? = 686 kcal/mol (2870 kJ/mol) 


Photosynthesis is usually divided into two stages. In the first, known as 
the light reactions, the capture of light energy takes place. Water is oxidized 
to give oxygen in one of the light reactions. The associated reduction is the 
conversion of NADP* (nicotinamide adenine dinucleotide phosphate—an 
МАР” derivative with phosphate at the 2’ position of adenosine) to NADPH. 


H,O + NADP+ HB", усу + NADPH + H+ 


Conversion of adenosine diphosphate (ADP) and inorganic phosphate 
to adenosine triphosphate (ATP), a phosphorylation (Sec. 11-6D), is the sec- 
ond part of the light reaction. The process, known as photophosphorylation, 
is coupled to the oxidation-reduction photoreaction. The light reactions can 
be expressed in a single equation. 


ЊО + МАРР? + ADP +-H,PO; 8, УО, + NADPH + ATP + H,O* 


NADPH and ATP produced in the light reactions possess energy ab- 
sorbed from the sunlight. These compounds provide the energy for the sec- 
ond stage of photosynthesis: the utilization of carbon dioxide to ultimately 
produce hexoses and polyhexoses in a series of dark reactions. 


PROBLEM 


21-43 
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Melvin Calvin received the Nobel prize for chemistry in 1961 for his 
work on the elucidation of the role of СО» in photosynthesis. When green 
plants (algae) in the presence of "C-labeled carbon dioxide аге photolyzed, 
the radioactive carbon is first detected in 3-phosphoglycerate. This compound 
is believed to arise from isomerization and carboxylation of the ketopentose 
derivative ribulose 1,5-diphosphate followed by hydrolytic cleavage of the 
intermediate adduct. 


CH,OPOj- CH,OPO3- 
(е0 ее ОН 
H OH + "CO, EO H,O 
H OH НЕ OH 
H,OPO?- CH,OPO3- 
Ribulose 1,5- 2-Carboxy-3-ketoribitol 
diphosphate 1,5-diphosphate 
CH,OPO}- CO; 
CHOH +H H 
“СО; Н;ОРО 


3-Phosphoglycerate 


a Propose a mechanism for the conversion of ribulose 1,5-diphosphate 
to 2-carboxy-3-ketoribitol 1,5-diphosphate. 


b Hydrolysis of 2-carboxy-3-ketoribitol 1,5-diphosphate is essentially 
an enzymatic reverse Claisen reaction. Suggest a mechanism for this 
process. 


A sequence of characteristic carbonyl group reactions involving phos- 
phorylation, reduction, isomerization, and condensation convert the three- 
carbon fragments to fructose, which is then isomerized to glucose. 


Oz CO,PO2- 
H H + АТР = Н ОН + ADP 
OPO} H,OPO?- 
p-3-Phosphoglycerate p-1,3-Diphosphoglycerate 
O,PO?- (е) 
H H + NADPH == H OH + NADP+ + PO? 
OPOS 2OPO5- 


p-Glyceraldehyde 3-phosphate 
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o OH 
S == О 
СН,ОРО?- «ОРО 


1,3-Dihydroxyacetone phosphate 


,OPO2- 
о 
HO—.—H 
HO CH,OH H H 
не Абу о неон ieta ml 
H,OPO2- „ОРО2- СН,ОРО2- 
essai Veri cuan p-Fructose 1,6-diphosphate 
„Он CHO 
о H—|—OH 
нон нон 
ET EI. OH 
H—|—OH нон 
H;OPO?- CH,OPO?- 


p-Fructose 6-phosphate n-Glucose 6-phosphate 


The preceding sequence of reactions shows how one molecule of carbon 
dioxide is incorporated during glucose formation. However, the dark reac- 
tions of photosynthesis must account for the utilization of six molecules of 
СО» in hexose synthesis. A cyclic pathway was proposed to account for that. 
Each cycle involves a series of aldol-like reactions of Сз through С; phos- 
phates and accounts for the utilization of one molecule of carbon dioxide 
while regenerating ribulose 1,5-diphosphate to begin a new cycle. A succes- 
sion of six such Calvin cycles accounts for consumption of 6 moles of CO; and 
12 moles of water in the formation of 1 mol of fructose. 


6CO, + 18ATP + 12NADPH + DH* + 12H,O 


| 


р-Ргасюзе + 18ADP + 12NADP* + 18 phosphates 


Oxygen produced during photosynthesis could come from the water or 
carbon dioxide which a plant requires as starting material. Two differ- 


ent isotope-labeling experiments confirmed that water is the source of 
oxygen. Suggest what these experiments were. 


FIGURE 21-6 
The glycolysis 
pathway. 
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B. Glycolysis and Metabolic Energy 


Glycolysis is one of the pathways by which organisms obtain the energy 
that is stored in carbohydrate molecules. A sequence of enzyme-mediated 
steps converts glucose to pyruvate in an anaerobic (without air) process. The 
chemical reactions are closely related to those by which glucose is produced 
during photosynthesis. The energy liberated in these reactions is used to 
reduce NAD to NADH as well as to produce ATP, the prime compound used 
for energy transfer in metabolism. The glycolysis pathway is outlined in 
Fig. 21-6. Note the common biochemical convention of using curved arrows at 


eie ADP 
-Isomerize › 
via Tia enol” 
(2) 
ra OO! 


ДЫР РДЕ, 
6-phosphate 
CH,—OH Rien CH,—O—PO?- 
o 0“ 
но = н o~) кет aldol 
OH oH 
OH L—OH 
H,—O—PO3- CH,—O—PO?- 
Fructose- Fructose- 
6-phosphate 1,6-diphosphate 
CH, o=o} 
ii 
CH,—OH 
ne A Gu m ADP ATP 
CHO (5) NAD* NADH СОО—РО?- 
| 
ое (+Р0]-) (i= OB 0) 
CH,—O—PO}- ө Сн,—О—РОў- 
3-Phospho- 1,3-Diphospho- 
glyceraldehyde glycerate 
ADP ATP 
го: CO; ros 
ніч Tue согор ae 
CH,—O—PO3- CH, CH, 
3-Phospho- Phospho- Pyruvate 
glycerate 
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the reaction arrow to indicate components which participate in specific reac- 
tions. 

The central degradation in glycolysis is the reverse aldol cleavage (reac- 
tion 4) of a hexose to 2 moles of triose. Both triose fragments continue along 
the path to pyruvate by isomerization 5, in which the carbonyl enolizes to an 
ene-diol and then reprotonates in the opposite direction. The same mecha- 
nism occurs in reaction 2. Two hexose molecules utilize ATP to phosphorylate 
hydroxy groups (1 and 3), and two trioses regenerate ATP by phosphate re- 
moval (7 and 9). Since there are twice as many triose molecules as there are 
hexose molecules, the result is a net gain of two ATP molecules to be stored 
for use as energy sources elsewhere. 

In the oxidation of an aldehyde to an acid derivative (reaction 6), NAD* 
is reduced and energy is thus made available. This energy allows the stable 
"inorganic" phosphate ion (РОЗ) to be transformed into a phosphoric anhy- 
dride with sufficient reactivity to transfer a phosphate unit to ADP so as to 
create more ATP in step 7. The reaction is an oxidative phosphorylation. The 
enol phosphate, PEP, is also a fairly high-energy compound. It serves not 
only to generate more ATP but also, in biosynthesis, as an active enol for 
carbon-carbon bond formation via aldol and Michael reactions. 

In most higher animals glycolysis terminates in the conversion of pyru- 
vate to lactate. Yeast and certain other organisms transform pyruvate to etha- 
nol and CO; in the process known as fermentation. 


NADH 


Acetaldehyde + CO, 


b em 


Oz 
(PO + NAD+ 
CH; 
Lactate 
ү Glycolysis in most animals serves аз a source of energy for short periods 
of time under anaerobic conditions. It accounts for only a small fraction of the 
potential energy of glucose. 


Glucose + 2 ADP + 2 inorganic phosphate —» 2 lactate + 2 ATP + 2H;O 
AG? = –32.4 kcal/mol (—135 kJ/mol) 

We saw that conversion of water and carbon dioxide to glucose requires 
686 kcal/mol (2870 kJ/mol). Most of this energy is released during respiration, 
the process by which molecular oxygen converts acetyl units to water and 
carbon dioxide. 

The Krebs cycle (also known as the tricarboxylic acid cycle or the citric 
acid cycle) is the central pathway of respiration. The Cycle has a very impor- 
tant analogy to the Calvin cycle of photosynthesis in that each provides a 
pathway for a chemical reaction which does not, in the total sequence, con- 
sume the chemical components of the cycle. The cycles represent rather com- 
plex catalytic systems. 


Ethanol + NAD* 


PROBLEM 
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Acetyl coenzyme A (Sec. 9-2D), the raw material for the Krebs cycle, 
originates from the pyruvate (or lactate) of glycolysis as well as from amino 
acid (Chap. 22) and fatty acid (Sec. 23-14) metabolism. 


foz CO; 
CHORE ао —— Glucose 
] NADH | 
CH, CH, 
CoASH 
(-C0) 


Amino acids = CH,COSCoA == Fatty acids 


Acetyl coenzyme A 


Acetyl coenzyme A enters the cycle through reaction with oxaloacetate. 
In a sequence of reactions which involves 10 intermediates, 2 moles of CO» 
and 1 mol of water are released in addition to energy. Oxaloacetate is regener- 
ated, and the cycle repeats. The steps of the Krebs cycle are outlined in 
Fig. 21-7. 


Comment on each of the steps in the Krebs cycle (Fig. 21-7). 


Summary 


Carbohydrates are a class of compounds with the general formula 
C,(H;O),. The most important carbohydrates are polyhydroxy aldehydes 
and ketones known as saccharides. p-Glucose, the most abundant of the 
monosaccharides, is a six-carbon aldehyde—an aldohexose. It is not only a 
major constituent of many oligosaccharides and polysaccharides but also the 
storehouse for energy derived from sunlight through photosynthesis. 

The chemistry of carbohydrates is the chemistry of hydroxy and car- 
bony! functional groups. The carbonyl group of reducing sugars is readily 
oxidized by mild oxidizing agents to give monocarboxylic acids known as 
aldonic acids. Oxidation of both terminal ends of a monosaccharide yields an 
aldaric acid—a dicarboxylic acid. Reduction of the carbonyl group produces 
alditols—polyhydroxy hydrocarbons. 

Many of the physical and chemical properties of saccharides are a result 
of their cyclic hemiacetal or hemiketal structures. Most monosaccharides exist 
as six- (pyranose), or in some cases five- (furanose), membered heterocycles. 
The monosaccharide units of oligo- and polysaccharides are linked together 
by acetal and ketal bonds (glycoside bonds). 

The important polysaccharides starch and cellulose are polyglucosides. 
Their markedly different physical properties are attributed to the different 
configurations at the chiral carbon atom (anomeric carbon) of the glucoside 


bond. 
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FIGURE 21-7 


The Krebs (citric acid) cycle. 
(CoA)—SH 


Fumarate 
Isocitrate 
NADH [—2H] 
(0) 
NAD* 
(4) [2H] NAD? 
NADH 
Succinate 
0 
GTP* 
+(CoA)—SH (5) Oxalosuccinate 
GDP* 
+PO}- 


a-Ketoglutarate 


CO, NADH NAD+ 


*Guanosine diphosphate (GDP) and guanosine triphosphate (GTP). 
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Nucleosides are glycosides in which the monosaccharide is connected to 
a heterocyclic amine. They are components of the nucleic acids. Nucleotides 
are phosphate derivatives of nucleosides. Polynucleotides make up the back- 
bone of nucleic acids. Nicotinamide adenine dinucleotide (NAD*) and flavine 
adenine dinucleotide (FAD) are the common oxidation-reduction agents of 
biological processes. 


Supplementary Problems 


Interchange the functions on the two ends of the eight p-aldohexoses in Fig. 21-1 
without otherwise disturbing the configurations of the asymmetric centers. Name the 
structural formulas which result from the operation. 


A. p-2-ketopentose, upon oxidative degradation, gives optically active tartaric acid. 
What is the structure of the ketopentose? 


Predict whether the aldohexose altrose will exist preferentially as a furanose or a 
pyranose. For simplicity assume that the strain energies of ring structures are the 
same. Note that, on a five-membered ring, the most favored steric arrangement has all 
substituents trans. 


The 16 aldohexoses, on oxidation, give only 10 different aldaric acids. Use Fischer 
projection formulas to illustrate this. 


Why does the reaction of benzaldehyde with p-glucose preferentially lead to the 2,4- 
acetal? 


Oxidation of the p-aldopentose A gives an optically active aldaric acid В. A can also be 
degraded to an aldotetrose C, which can be oxidized to an optically inactive aldaric 
acid D. Identify each of the lettered compounds and trace the reactions. 


Oxidation of the cyclic hemiacetals of monosaccharides using bromine water is be- 
lieved to produce a lactone prior to ring-opening formation of the aldonic acid. The 
oxidation is believed to proceed via an intermediate hypobromite at the anomeric 
carbon atom. Suggest a mechanism for the bromine water oxidation of p-glucose to a 
lactone which is consistent with the experimental observation that the B-anomer of 
glucose is oxidized by bromine more rapidly than the a-anomer. 


HO OH 


H 
H 


a- or B-p-Glucose n-Glucono-1,5-lactone 
(a- or B-p-Glucopyranose) 
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21-54 


21-55 


21-56 


21-57 


21-58 


21-59 


21-60 


When p-glucose is treated with acetone under acidic conditions, a diacetal of the fura- 
nose form of glucose slowly forms. Explain why the diacetal has a furanose rather than 
the usual pyranose ring structure. 


„о—сн, 
(CHC 
O—CH OW н 
»-Glucose + 2(CH,),C—O НА, OH H 


H 


O——c(CH,), 


1,2:5,6-Di-O-isopropylidene-a-p-glucofuranose 


Melibiose, a reducing disaccharide with formula СНО}, gives octamethyl melibi- 
ose, Cy9H3g0;1, on methylation with dimethyl sulfate and base. Hydrolysis of this 
octamethyl sugar yields two products, one of which can be shown to be 2,3,4,6- 
tetramethyl-p-galactose and the other 2,3,4-trimethyl-p-glucose. Suggest a structure 
for melibiose. Do these data define a unique structure? 


Two p-aldohexoses other than glucose give the same aldaric acid when oxidized. 
Degradation of the aldohexoses to their aldopentoses followed by oxidation gives two 
different five-carbon aldaric acids, one of which is optically active and the other inac- 
tive. Both aldohexoses are converted to their methyl glycopyranosides, which, when 
oxidized with periodate, give the same compound as that obtained by similar treat- 
ment of D-glucose. Write structural formulas for the two aldohexoses and trace the 
above reactions. 


Support for the proposal that hydrolysis of nucleosides proceeds by protonation at 
oxygen is also derived from the observation that adenosine is hydrolyzed more rapidly 
than cytidine. Draw a structural formula showing how the protonation of a ring nitro- 
gen of adenine can enhance proton transfer to oxygen. 


The two aldopentoses p-arabinose and p-ribose give the same phenylosazone. р- 
Ribose is reduced to the optically inactive penta-alcohol ribitol. p-Arabinose can be 
degraded to the tetrose p-erythrose and then further oxidized with nitric acid to meso- 
tartaric acid. Trace these reactions to determine the configurations of p-arabinose, 
D-ribose, ribitol, and p-erythrose. 


Suggest a sequence of reactions which can be used to convert p-galactose to 
L-galactose. 


The chair conformation of 8-p-glucose in which all hydroxy groups are axial is not as 
unfavorable as we might have predicted from axial-axial nonbonded interactions. 
What favorable factor can account for the decreased instability? 


An early method for determining ring size in carbohydrates depends on the assump- 
tion that the lactone initially formed in bromine water oxidation (Prob. 21-52) does not 
open to the carboxylic acid and then recyclize. That it does not was confirmed by 
showing that the uronic acid of galactose was converted to the corresponding optically 
active lactone. Use Fischer projection formulas to show what the stereochemical result 
would have been if the ring had opened during oxidation (to the aldaric acid in this 
case), and then recyclized. 
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HO =C 
H OH H OH 
HO H Br, HO H 
H,O 
HO: H HO H 
H (9) H O 
COH CO,H 
B-»-Galacturonic acid p-Galacturonic-1,5-lactone 
(8-p-Galactopyranouronic acid) (Optically active) 


21-61  Cyclodextrins have been used to accomplish partial resolution of chiral molecules. For 
example, isopropyl methylsulfinate* has been obtained in 68 percent optical purity via 
its cyclodextrin complex. Discuss the basis for this procedure. 
a, © 

4 x. 

CHÍ '"OCH(CHj, 

The carbohydrate gentiobiose, СНО}, gives a positive test with Benedict's rea- 
gent, forms an osazone, and undergoes mutarotation. Hydrolysis by aqueous acid or 
by the enzyme emulsin produces only p-glucose. Methylation of gentiobiose produces 
an octamethyl derivative which, on acid hydrolysis, leads to 2,3,4-6-tetramethyl-p- 
glucose and 2,3,4-trimethyl-p-glucose. What is the structure of gentiobiose? 


21-62 


21-63 Vitamin C (ascorbic acid) is prepared commercially from D-glucose as outlined below. 
One bacterial oxidation step is involved. Fill in the structure of the missing intermedi- 


ates and reagents. 


,OH 
HO H 
peClucose s ee A = HO H Bacterial | 
Сис H OH oxidation 
catalyst 
HO H 
CH,OH 
t О, + 
Bis H он AGED, с MOL, p HO", Е CHLOH/HCI 
HOCH, CH,OH 
н H о 
O,CH; H M 
o HO 
Base. HCI | о / 
НОЕНЕН 9p ——> HO = HO 
Н ОН H НО Н 
НО H HO: H H,OH 
„ОН H,OH 
Vitamin C 


(t-Ascorbic acid) 


* The sulfur atom is the chiral center. 
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21-64 Much of the current interest in carbohydrate chemistry is related to the use of these 
naturally occurring materials as starting points in synthesis. The following sequence 
begins with p-glucose and leads to one of the major synthons in the preparation of a 
macrolide antibiotic similar to erythromycin. Fill in structures for the missing reagents 
and intermediates and comment on the numbered reaction steps. 


HO HO 
H A HO 1 
HO ü5 w HO. EO ICM 


CH; 
n-Glucose 
СН; 
Several 
HO Ho steps 
CH, 
Gos Хто 
о 1) CH,L/Cul/EtO CrO,/pyridine 
ОСН: Зун,оучн;сг ^^ i 
(3) 
Н. 
eu Tat 
р NaOCH,/CH,OH 
(4) 
о OCH, 
СН; O 
1) NaBH,/MeOH H,/Pd-C 
2) NaH/DMF/CH P ^ (у ^ 
CH; 
OCH, 
i OC(C;H;); 
HO (C.H,);CCI/pyridine Hi Ey 
(6) 
CH; CH 
c осн, сн, “осн, 
о OC(CH;); 
p _NaOCH,/CH,OH 1) CH,Li/THF 
[7 CH,O H онох 
OCH, 
CH, OH 
G H,/Pd-c HO 
CH,O vu 


* OCH, 
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Proteins are the most abundant organic molecules in cells. They are 
found in all parts of living organisms, and they are the most diverse class of 
biologically important compounds. Proteins account for the structural integ- 
rity of certain organisms, and the enzymes that control life functions are also 
proteins. The study of proteins exemplifies the rather artificial boundaries in 
chemistry. Organic, analytical, inorganic, physical, and biochemical methods 
are required to obtain a complete picture of the properties and functions of 
these macromolecules. 

Amino acids are the units of which peptides and proteins are composed. 
Of the large variety of available structures, only 20 amino acids are of impor- 
tance in proteins. Though the laboratory preparation of peptides and proteins 
from simple amino acids has involved rather ingenious strategies and sophis- 
ticated techniques, biosynthesis provides the most fascinating examples of 
chemical synthesis. The giant molecules of nucleic acids control the synthesis 
of proteins which govern life processes. Their transfer of genetic information 
during reproduction of a living species is surely one of the most amazing 
illustrations of chemical specificity. 


Amino Acids 


The common feature of all amino acids is the presence of at least one 
amino and one carboxylic acid group. Both inter- and intramolecular interac- 
tions between the basic and acidic functions play an important role in the 
physical and chemical properties of these small, difunctional compounds. 
Much of the interest in amino acids has been directed toward an understand- 
ing of their role as the building blocks of peptides and proteins. 


. Structural Characteristics 


The amino acids of which proteins are composed are a-amino acids; 
their amino group is connected to the alpha- (number two) carbon atom of a 
carboxylic acid. We can consider glycine (a-aminoacetic acid) to be the parent 
amino acid. 


NH, 


| 
H—C-CO,H 


H 


Glycine 
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A variety of other amino acids can be considered as derivatives of gly- 
cine by substitution for one a-hydrogen atom by other groups. Many amino 
acids possess nonpolar hydrocarbon groups at the a-carbon, and others con- 
tain groups that are more polar. Some even have an additional carboxylic acid 
or amino group. Proline is a cyclic a-amino acid. Table 22-1 records structures 
of and common abbreviations for the 20 amino acids normally found in pro- 
teins. Three-letter abbreviations are used most often, but the alternate one- 
letter abbreviations are indicated in parentheses. 


TABLE 22-1 Amino Acids Found in Proteins 


Name Abbreviation 
Glycine Gly (G) 
Alanine Ala (A) 
Valine Val (V) 
Leucine Leu (L) 
Isoleucine Пе (I) 
Proline Pro (P) 
Phenylalanine Phe (F) 
Tryptophan Trp (W) 
Methionine Met (M) 


Melting or Solubility 
Decomposition in Water, 
Structure Point, *C g/100 mL at 25°С 
NH, 
H—CHCO,H 233 d 25 
NH, 
CH,—CHCO;H 297 d 17 
NH; 
(CH4,CH—CHCO;H 315 9 
NH, 
(CHy,CHCH,—CHCO,H 337 2 
CH, NH, 
CH,CH,CH—CHCO;H 284 4 
CAN 
Y Снсон 220 162 
NH, 
( у-н -онсон 283 з 
NH, 
paeem 289 1 
N 
H 
NH, 
CH,SCH,CH,—CHCO,H 283 3 
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TABLE 22-1 (Continued) 


Melting or Solubility 
Decomposition in Water, 
Name Abbreviation Structure Point, °C g/100 mL at 25°C 
de 
Serine Ser (S) HOCH,—CHCO,H 228 5 
OH NH, 
Threonine Thr (T) CH,CH—CHCO;H 257 Very 
NH, 
Cysteine Cys (C) HSCH,—CHCO,H — Very 
i 
Tyrosine Tyr (Y) ню-( -ax-Gicon 344 0.04 
? NH, 
Asparagine Asn (N) H,NCCH,—CHCO,H 236 2.4 
Ta dees 
Glutamine Gln (Q) H,NCCH,CH,—CHCO,H 186 3.6 
|y sc 
Aspartic acid Asp (D) HOCCH,—CHCO;H 269 0.4 
| | 
Glutamic acid Glu (E) HOCCH,CH,—CHCO;H 247 0.7 
» 
Lysine Lys (K) HjNCH,CH;CH,CH,—CHCO;H 255 Very 
NH NH, 
Чү | | 
Arginine Arg (R) H,NCNHCH,CH,CH,—CHCO,H 230 а 15 
NH, 
aub ^ NON | 
Histidine His (H) N CH,—CHCO;H 287 0.4 
N 
H 


With the exception of glycine, the amino acids derived from proteins 
have at least one chiral center, the a-carbon atom. АП of those amino acids 
except Cysteine are found to possess the (S) absolute configuration. Fischer 
projection formulas are commonly used to represent the configurations of 
amino acids. The р огт configuration is assigned to a compound using criteria 
similar to that which was applied to carbohydrates (Sec. 21-1A), except that 
the а-атіпо group is the basis for the designation. If the amino group 15 
located to the right in the Fischer Projection formula the amino acid is desig- 
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nated as D. Amino on the left indicates an L-amino acid. All amino acids of 
proteins have the т, configuration. 


„сон COM ОН 
(а: Кате н = NH,-C—H = МН, H 
& 
NH; CH,C LH; өз Кели 
(S)-Phenylalanine L-Phenylalanine 


PROBLEM a Draw wedge formulas and Fischer projections that depict the config- 
22-1 uration at the a-carbon atoms of t-valine, t-leucine, and r-isoleucine. 


b How many stereoisomers of each of these amino acids could exist? 


с Of all the т-атіпо acids found in proteins, only cysteine has the (К) 
configuration. Use a wedge formula to show this. 


The relative configurations of simple amino acids were determined by 
their interconversion with lactic acid using reactions of known stereospecific- 
ity. Since the configuration of lactic acid in relation to glyceraldehyde is 
known, the absolute configurations were thus established (Sec. 6-5C). The 
reaction sequences relating configurations of the naturally occurring amino 
acids (+)-alanine and (—)-serine, are outlined in Fig. 22-1. 


FIGURE 22-1 COH COH CO;H 
Correlations of m 
configurations of HO н —*> H Br №, м, H 
lactic acid, ala- | 
nine, and serine. CH; CH; CH; 
L-(+)-Lactic acid 
H,/Pt 
Он 
NH,-C-H — 
CH; 
1-(4+)-АЈапіпе 
1) H,/Pt 
2) H,O/OH- 
COH CO,CH; CO,CH, 
+ РС, 
NH, | i CH,OH/H* , HA cops HN H 
CH,OH H,OH CH,Cl 
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The configuration of L-alanine was related to that of p-glucosamine by 
the following sequence of reactions. Draw a Fischer projection formula 
for each of the lettered compounds. 


2C,H,SH/H* д AGO, в НИМ, 


CH,OH CH, 
n-Glucosamine NHAc 


H H,0/NH,OH 


I—OAc 
r—OAc 
CH,OAc 


CH, 
с 25049, н! NHAc + HCHO + 2HCO;H 
CHO 


Br,/H,O 
— 


С O,H 
D HM. H | = NH, H 
С = 


L-Alanine 


Although the 20 amino acids commonly found in proteins, the standard 
amino acids, have been investigated most extensively, other amino acids are 
known. A few are derived from proteins, but the largest number of nonstand- 
ard amino acids occur in other parts of plant and animal cells (Table 22-2). 


. Acid-Base Properties 


A prominent characteristic of amino acids is their amphoteric character. 
They can function as either acids or bases. Amino acids actually exist as inner 
salts, zwitterions. 

+ 
p 
CH,CHCO; 


Alanine inner salt 


TABLE 22-2 Nonstandard Amino Acids 
H;NCH,CH;CO;H 


HN (СН,) 


У (CH,).—CH. 


NH 
N а 
„©н—(Сн,)» К 


HO,C | CO;H 


| 
HO,CCH,CH,CHCO;H 


H,NCH,CH,CH,CO,H 


i 
NCCH,CHCO,H 
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B-Alanine: а 
precursor in the 
biosynthesis of 
pantothenic acid 


4-Hydroxyproline: a 
component of 
collagen 


Desmosine: a 
component of the 
fibrous protein 
elastin 


p-Glutamic acid: the 
nonprotein 
stereoisomer of 
glutamic acid found 
in bacterial cell 
walls 


y-Aminobutyric 
acid: a compound 
involved in the 
transmission of 
nerve impulses 


B-Cyanoalanine: a 
toxic amino acid 
found in some 
plants 


йыл eM 


Physical properties (Table 22-1) of amino acids are consistent with this 
highly polar inner salt structure. Amino acids are crystalline solids that melt 
at high temperatures and form aqueous solutions that possess relatively high 
dielectric constants. They are insoluble in nonpolar solvents, and their mod- 
erate water solubilities depend on the pH of the solution. 

The precise structure of an amino acid is determined by the pH of the 
medium in which the acid is dissolved. At low pH («1) an amino acid such as 
glycine exists as the protonated cation A. At high pH (712) aminocarboxylate 
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FIGURE 22-2 
Titration curve 
for glycine. 


anion C is the principal form. Between those extremes in pH, the inner salt B 
will be present along with varying amounts of A or C. 


—H+ -H+ 


+ + 
NCH,CO,H H4NCH;CO; H,NCH,CO; 
H; „СО; XH* 3 Culpa TREE 2 


А B с 


Consider the effect of changing pH on a typical amino acid possessing 
one amino and one carboxylic acid group. At low pH values the amino acid 
resembles a typical diprotic acid. Data from titration with aqueous base gives 
a titration curve which indicates that the carboxylic acid has a pK, value of 
about 2.3 and the ammonium ion has a pK, value near 9.5. The titration curve 
for protonated glycine is shown in Fig. 22-2. 


a Write the equilibrium expression for a solution of glycine which re- 
lates (i) K,, to the species in solution and (ii) К, to the species in 


solution. 
b Calculate the ratio of Н;МСН,СО; to H,NCH;CO;H at pH = 4.0. 


The pH at which the amino acid is in an electrically neutral form (B for 
glycine) is known as the isoelectric point, pl (or pH;). The isoelectric point Нез 
halfway between the pK,, and pK,, values of most amino acids. 


pl = (рка + pKa,) 


PKay = 9.78 


0 0.5 1.0 1.5 2.0 
Equivalents of OH 


PROBLEM 
22-4 


PROBLEM 
22-5 
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The isoelectric point for an amino acid which possesses two amino or two 
carboxylic acid groups lies halfway between the pK; values of the two singly 
charged forms. The pK, and pl values for some common amino acids are 
compiled in Table 22-3. 


TABLE 22-3 Values ої pK,'s and pI's for Amino Acids 


Amino Acid рК. рКо, рКо, pl 

Alanine 2.35 9.78 6.07 
Arginine 2.01 9.04 12.48 10.76 
Asparagine 2.02 8.80 5.41 
Aspartic acid 2.10 3.86 9.82 2.98 
Cysteine 1.86 8.35 10.34 5.11 
Glutamic acid 2.10 4.07 9.47 3.08 
Glutamine 2.17, 9.13 5.70 
Glycine 2.35 9.78 6.07 
Histidine 1.77 6.10 9.18 7.64 
Isoleucine 2.32 9.76 6.04 
Leucine 2.33 9.74 6.04 
Lysine 2.18 8.95 10.53 9.74 
Methionine 2.28 9.21 5.74 
Phenylalanine 2.58 9.24 5.91 
Proline 2.00 10.60 6.30 
Serine 2.21 9.15 5.68 
Threonine 2.09 9.10 5.60 
Tryptophan 2.38 9.39 5.88 
Tyrosine 2.20 9.11 10.07 5.66 


Valine 2.29 9.72 6.00 


What does the observation that the isoelectric points do not occur at 
pH =7 indicate about relative acidity-basicity of the carboxylic acid 
and amino groups? 


Explain the observation that the isoelectric point is usually the pH of 
minimum solubility in water of an amino acid (or a protein). 


The carboxy group of a protonated a-amino acid is more acidic than that 
of a monocarboxylic acid by about two pK, units. That property is attributed 
to the electron-withdrawing inductive effect of the adjacent ammonium cat- 
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TABLE 22-4 Structural Effects on Amino Acid 


Acidity 
Acid РКа, РКа, 
CH;CO;H 4.76 ха 

H3NCH,CO;H 2.35 9.8 

H3NCH;CH;CO;H 3.60 1019 
HSNCH;CH;CH;CO:H 4.03 10.40 
HjNCH,CH;CH,CH,CO;H 4.21 10.69 
H3NCH;CH; e 10.81 
e a ве O НТО 


ion. As the ammonium group moves farther from the carboxy group, the pK, 
value increases (Table 22-4), 

Interestingly, the acidity of the ammonium cation in the presence of a 
carboxylate anion is greater than we might have anticipated. (See Table 7-3 for 
the effect of negative charge on carboxylic acid acidity.) Acidity changes with 
the distance between groups as is expected, but the intrinsic acidity is greater 
than that of a model ammonium cation. 


The amino acid glutamic acid has a second carboxy group which must 
be accounted for during the ionization process. Draw a titration curve 


for glutamic acid. Mark the isoelectric point and indicate the species 
present at each inflection point on the curve. 


. Synthesis 


Preparation of amino acids can be accomplished using a number of dif- 
ferent reactions that we have already encountered. The earliest example, re- 
ported by Perkin in 1858, involved amination of an a-halocarboxylic acid. The 
method is not widely used because yields are low. 


CH,CO,H 22/85, gc соң NH (excess) NH,CH,CO,H 
Glycine 


The Strecker synthesis is often used to prepare amino acids from car- 
bonyl compounds using a source of ammonia and cyanide. The reaction is a 
combination of imine formation (Sec. 8-6A) and the cyanohydrin reaction 
(Sec. 8-2). 


Pe as UI 
C;H;CHO + NaCN + NH,CI 422, с н. (нем AO" с,н,снсо,н 


Benzaldehyde 
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NH mH, 
H,0* 
(CH,CH,),C=O + NaCN + NH,CI 222, (CH,CH;),C—CN A (CH,CH,),CCO,H 


3-Pentanone 


One of the major synthetic problems when working with amino acids is 
to limit side reactions of these difunctional compounds. Many of the standard 
laboratory procedures for synthesizing single amino acids employ some type 
of protecting group. The Gabriel amine synthesis (Sec. 11-6A), together with 
the versatile malonic ester enolate (Sec. 12-5A), is useful for the general syn- 
thesis of amino acids. The phthalimide provides and protects the amino 
group, while the ester provides and protects the carboxy group. Additional 
modification can be accomplished at the a-carbon atom before the protecting 
groups are removed. 


o 


Се 


Сн (СОСН) + Br, Сн» BrCH(CO,C,H,), ——2—> 


Diethyl malonate 


Ге) 
CHI, 
МаОЕУЕЮН H,O+ 
ICH(CO,C,H,), нЕ N—C(CO,C,H,), 07, 
О О 
CH,G;H, NH, 
T KOH/H,O 
CHCO,H гын,” CoHsCH,CHCO,H 


Phenylalanine 


o 


1) NaOEt/EtOH 
ые ЕН 2) CH,=CHCO,C,H, 


CH,CH,CO,C,H, NH 
N—CH(CO,C;H;) DE HO,CCH,CH,CHCO,H 
Glutamic acid 


[9] 


A related synthetic approach utilizes nitrous acid as the source of the 
amino group. Nitrosation of malonic ester (Sec. 12-5A) produces an oxime 
through isomerization of the nitroso intermediate. Reduction and treatment 


* Aqueous acid can often accomplish hydrolysis of the esters and phthalimide as well as decar- 
boxylation in one step. 
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with acetic anhydride leads to the acetyl-protected amino group. Alkylation at 
the position alpha to the ester groups followed by hydrolysis and decarboxyl- 
ation produces an amino acid. 


CHACO,C;Hy), + HNO, 59 [O=N—CH(CO,C,H,),] — 


= нура В NSOEVEIOH. | 
HON-C(CO,C;Hj), удао > AcNHCH(CO;C;Hy), 2) (CH,),CHCH,Br 
Diethyl acetamidomalonate 


CH,CH(CHj), NH, 
АсМНС(СО,С,Н,), D (CHj,CHCH,CHCO,H 


Leucine 


Suggest a synthesis for each of the following amino acids beginning 
with diethyl malonate. 


a Valine 
b Methionine 
с Aspartic acid 


The cyclic amino acid proline can be prepared by a Sequence using 
phthalimide, diethyl malonate, and 1,3-dibromopropane. Outline the 


steps in this synthesis. 


Amino acids prepared by the preceding methods are racemic. If they are 
to be used in peptide synthesis or as biological models, enantiomer resolution 
(Sec. 9-7) is required. The amino group of the amino acid is usually protected 
as an acetyl or benzoyl derivative, and then the carboxylate salt of a resolving 
agent, often strychnine or brucine, is recrystallized to optical purity. 

Enantiomer resolution is a tedious and often inefficient method for sepa- 
rating stereoisomers. Because amino acids of interest are almost always com- 
ponents of biological processes, it is often possible to use enzymes to obtain 
the desired stereoisomers. An enzyme may selectively form one enantiomer 
when provided with a precursor molecule, or consume one enantiomer of a 
racemic mixture and leave the other for isolation. Today most standard amino 
acids are available in optically active forms as isolated from the hydrolysis of 
proteins. 


Peptides 


Reactions of amino acids are those of the amino and carboxylic acid 
groups, or in some cases of a side-chain substituent. We are already familiar 
with carboxylic acid esterification and amide formation, and with amino acyl- 
ation and alkylation. However, the major interest in amino acid chemistry is 
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directed toward the reactions which are associated with the synthesis and 
structural elucidation of peptides. 

Peptides are polyamino acids with molecular weights below about 5,000. 
They have from 2 (a dipeptide) to 20-40 amino acids connected together by 
amide linkages known as peptide bonds. 

NH, R HH 9 


Кә 
п БЕЙИК А СМ. С 


H Кк СС 


(Peptide bond) 
Amino acid Peptide fragment 
With the exception of disulfide bonds (—S—S—) which may form between 
cysteine molecules, the peptide bond is the covalent linkage which holds the 
peptide structure together. 

Peptides are commonly the pieces of the much larger compounds 
known as proteins (Sec. 22-3). Various chemical or enzymatic methods are 
used to degrade proteins into their peptide fragments as the first step in 
structure elucidation. Some peptides isolated from biological systems are of 
nonprotein origin and are independent entities which function as hormones 
or as other participants in life processes. 


А. Amino Acid Analysis 


The primary structure of a peptide is the sequence of the component 
amino acids. Hydrolysis of a peptide with hot 6N hydrochloric acid releases 
the component amino acids, which are then analyzed by various chromato- 
graphic procedures. The methods have become so sophisticated that the total 
amino acid content of a complex peptide can be determined in only a few 
hours using automated techniques. A few amino acids—tryptophan, for ex- 
ample—do not survive the acid hydrolysis and must be detected by other 
procedures. 

Ninhydrin is a reagent which is widely used for the quantitative meas- 
urement of amino acids. The reagent reacts with almost all amino acids to 
produce a deep purple product. (Proline gives a yellow color.) After separa- 
tion by some chromatographic method, the amino acids are treated with nin- 
hydrin reagent and the concentration of purple color is measured spectropho- 
tometrically. 


NH, 
OH 
2 + RCHCO,H —> 
OH 
о 
Ninhydrin o QH 
N ае + RCHO + CO, + ЗН,О 
о о 


Purple product 
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Propose a mechanism for the formation of the purple ninhydrin prod- 


uct. (In developing the mechanism note that only the nitrogen atom of 
the amino acid is in the final product.) 


Complete hydrolysis is only the first step in determining peptide struc- 
ture. The real challenge is to elucidate the sequence of amino acids in a partic- 
ular peptide. The following three sections consider analytical and synthetic 
approaches to this problem. 


. Terminal Group Analysis 


When the structure of a peptide is drawn, it is common practice to place 
the amino acid with the free amino group—the N-terminal amino acid—at 
the left and the unit with the free carboxylic acid group—the C-terminal 
amino acid—on the right. A peptide is named as a derivative of the C-termi- 
nal group. Other amino acids are listed as substituents in a sequence begin- 
ning with the N-terminal unit. To avoid the cumbersome names that can 
develop, abbreviations are utilized. A hypothetical tripeptide is illustrative. 


Я 
NH,CHC—NHCHC—NHCH,CO,H 
C,H,CH, CH, 
ез ш Ap CI 
N-terminal C-terminal 
amino acid amino acid 


Phenylalanylalanylglycine 
(Phe-Ala-Gly) 


Draw a structural formula for each of the following peptides and indi- 
cate the C-terminal and N-terminal amino acids. 


a Gly-Ser-Phe-Gly с Glu-Ala-Gly 
b Pro-Leu-Asp-Ala d Ile-Cys-Gly-Lys 


Only the end amino acids of a peptide chain retain a free amino or 
carboxylic acid group (in addition to any functional groups which are a part of 
individual amino acid side chains). These amino acids are therefore the points 
to which the initial steps of structural analysis are directed. 

Identification of the N-terminal amino acid is usually carried out first. 
Edman degradation is currently the most common approach. The peptide is 
allowed to react with phenylisothiocyanate. Nucleophilic addition by the 
N-terminal amino group to the reagent produces the phenylthiocarbamoyl 
derivative of the peptide. Treatment of this adduct with acid results in an 
intramolecular cleavage to produce the phenylthiohydantoin derivative of the 
N-terminal amino acid separated from the remaining portion of the peptide. 
Chromatographic analysis of the derivative identifies that N-terminal group. 
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T 
CHN-C-S + NH,CHC-NHCHC-N-—- — 
R К 
Phenylisothiocyanate Peptide 
S 
S О О 
1 ll | на NH | 
CoHsNH—C—NHCHC—NHCHC—N-~ сн. = + NH,CHC-N-- 
К R R' 
о 
Phenylthiocarbamoyl derivative Phenylthiohydantoin Remaining 
derivative peptide 


The beauty of the Edman degradation is that it allows identification of 
the N-terminal group while leaving the remaining part of the peptide intact. 
Subsequent reaction of the remaining peptide fragment allows identification 
of the newly formed N-terminal group. The method can be repeated over and 
over until each amino acid, in sequence, has been identified. An automated 
amino-acid sequenator has been developed for this procedure. 


Suggest mechanisms for the steps in the Edman degradation. 


Other methods have been used to identify N-terminal amino acids. 
Probably the best known employs the Sanger reagent, 2,4-dinitrofluoroben- 
zene. Frederick Sanger introduced the procedure in 1945 and used it in his 
elegant work on the structural elucidation of insulin, reported in 1955. He was 
awarded the Nobel prize for chemistry in 1958 for those contributions. 

In the Sanger method the N-terminal amino group substitutes for the 
fluorine atom of the reagent to form a 2,4-dinitrophenyl derivative. A newer 
and more efficient approach makes use of dansyl chloride, 5-dimethyl- 
aminonaphthalene-1-sulfonyl chloride, as the reagent. 


о 
| 7 
nor yr + НОЕ — NO, Htc: 
R R 
NO, NO; 
2,4-Dinitrofluorobenzene 
(Sanger reagent) 
(СН); (СН) М 
И 
rep s + NH,CHC—N~ —> 
k о 
I 
50а $O,NHCHC—N-- 
5-Dimethylaminonaphthalene- 1 


1-sulfonyl chloride 
(Dansyl chloride) 
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Hydrolysis of the amide bonds in these peptide derivatives can be ac- 
complished without cleaving the bond to the reagent. Chromatographic anal- 
ysis of the hydrolyzed peptide identifies the amino acid labeled with the 
Sanger or dansyl reagent as the N-terminal group. The disadvantage of both 
methods is that the total peptide must be destroyed to identify one terminal 


group. 


The analytical advantage of the dansyl chloride method relative to the 
Sanger procedure for N-terminal group analysis is that the former is 


more sensitive in spectrophotometric analysis. Formation of the dansyl 
derivative is faster and usually gives fewer side products. Briefly dis- 
cuss the chemistry of the two processes. 


C-terminal amino acid analysis is often carried out by using the enzyme 
carboxypeptidase. This enzyme catalyzes the specific hydrolysis of the 
C-terminal amino acid, which is then identified. The disadvantage of the 
method is that the enzyme continues to hydrolyze the C-terminal group of 
the remaining peptide fragment until the entire peptide is cleaved into its 
component amino acids. Unlike the Edman method, each step is not easily 
controlled, though analysis of small peptides can usually be accomplished. 


Ala-Gly-Pro-Leu LCurbogypeptidaee Ala-Gly-Pro 4- Leu 


Two chemical methods are commonly used to label the C-terminal 
group. Reduction with lithium borohydride converts the carboxylic acid to an 
alcohol, which can then be identified as the a-amino alcohol after hydrolysis 
of the peptide. Reaction of a peptide with hydrazine cleaves each amide bond 
to give amino acid hydrazides. The C-terminal carboxylic acid is unchanged 
and can be isolated as the free amino acid. 


[o [o 
| || 
NH,CHC—NHCHC-NHCHCOJH НЧЫ, у, 
R R R” 
7 7 
NH,CHCNHNH, + NH,CHÓNHNH, + NH,CHCO,H 
R R R” 


. The Amino Acid Sequence 


After the C-terminal and N-terminal groups have been identified, the 
sequence of the remaining amino acids must be determined. For short pep- 
tide chains a method such as the Edman degradation is used to cleave one 
terminal group at a time. Larger peptides are first cleaved into smaller units 
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for identification, and then the sequence in each of these pieces is used to 
arrive at a structure. 

Acid hydrolysis is one of the methods used to cleave a large peptide into 
smaller units. Differences in peptide bonds result in different rates of hydro- 
lysis, so that fragments with some peptide bonds still intact can be isolated. 
An interesting method for specific cleavage utilizes cyanogen bromide. This 
reagent cleaves only the peptide bond formed from the carboxy group of 
methionine. The process involves the sulfur atom of methionine as a nucleo- 
phile and then, in the form of a sulfonium salt, as a leaving group. 


—C—NH—CH——C—NH-—R > ~-C—NH—CH: сейн R + Br- » 


ll | | Il | 
Ó CH, о [o сн, р, 
CH, CH; 


cuon 


Cyanogen bromide 


C G-NH-CH—C-NH—R + CH,SCN 2°, —(-NH-CH Ç=0 + NH,-R 
Ó CH, O Ó сн, о 
N 4 x 2 
CH, H; 


Suggest an explanation for the observation that the cysteine fragment 


of a peptide reacts with cyanogen bromide but no subsequent bond 
cleavage takes place. 


The most frequently used method for selective peptide cleavage em- 
ploys specific enzymes known as proteases. Trypsin, a digestive enzyme, 
selectively cleaves the carboxy side of the peptide bonds of the basic amino 
acids lysine and arginine. Chymotrypsin, another digestive enzyme, prefer- 
entially cleaves the carboxy side of the peptide bonds of the amino acids 
which possess an aromatic ring: phenylalanine, tryptophan, and tyrosine. 
These, in addition to carboxypeptidase (Sec. 22-2B), are the most common 
enzymes used in peptide analysis, though many others have also been em- 
ployed. 

Let us consider the structural elucidation of the peptide hormone oxyto- 
cin. Oxytocin is produced by the pituitary gland; it stimulates contraction of 
smooth muscles in the uterus. Vincent Du Vigneaud received the Nobel prize 
in chemistry in 1955 for his work on the structure of oxytocin and related 
peptide hormones. 

Total hydrolysis of oxytocin provided an equimolar mixture of eight 
amino acid fragments (Gly, Leu, Pro, Asp, Glu, Ile, Tyr, Суз-Суз*) and 3 


* Oxytocin actually contains nine amino acids, but cystine (Cys-Cys), the dimer of cysteine, is 
recovered as a single fragment because hydrolysis does not cleave the disulfide bond. 
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moles of ammonia. Detection of ammonia indicates that three terminal am- 
ides (—СОМН,) not involved in peptide bonding are part of the structure. 
Molecular weight determination showed that the structure is not some dimer 
or trimer of this eight-fragment peptide unit. 

When the disulfide bond of the cystine group was cleaved by peroxyfor- 
mic acid oxidation, the product corresponded to a nonapeptide containing 
two molecules of oxidized cysteine in place of the cystine. The disulfide bond 
must be part of a cyclic structure in oxytocin rather than a linkage between 
two smaller peptide fragments. 


Cys 
i Y нон, io Scy. cyso,H 
ys 


Hydrolysis was carried out on the oxytocin molecule, on the oxidized 
form, and on the desulfurized peptide. (Desulfurization with Raney nickel, 
H»/Ni, converts cysteine to alanine.) The smaller peptide fragments obtained 
were found to have the following amino acid compositions: 


1 Asp, CySO3H t 

2 Pro, CySO;H 

3 Pro, Leu, CySO3H From oxidized oxytocin 
4 Pro, Leu, Gly, CySO3H 

5 Asp, Glu, CySO3H 


6 Pro, Leu, Gly 
7 Cys-Cys, Asp, Glu 


8 Tyr, Cys-Cys, Asp, Glu From oxytocin 

9 Tyr, Cys-Cys, Asp, Glu, Ile 
10 Ala, Asp 

11 Ala, Asp, Glu From desulfurized oxytocin 
12 Glu, Ile 


Treatment with dinitrofluorobenzene reagent demonstrated that aspar- 
tic acid is the N-terminal group of the dipeptide fragment 1. The amino acid 


* А comma between amino acid abbreviations indicates composition of fragments while a hy- 
phen indicates sequence. 


FIGURE 22-3 
Amino acid sequence of bovine insulin. (Bonds between cysteines are disulfide 
linkages.) 


NH; 


Chain А }H,N—Gly — Пе — Val > Glu > Glu > Cys > Cys > Ala — Ser — Val — Cys 


NH, NH, 


Chain В | HN—Phe — Val > Asp — Glu — His > Leu > Cys > Gly — Ser > His > 
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sequence for oxytocin can be deduced by knowing only the sequence for that 
fragment and the fact that the cysteic acid (CySO3H) of peptide fragments 1 
through 5 represent the same amino acid unit. (Recall that there are two 
cysteine fragments in oxytocin.) The amino acid sequence derived from the 
composition of the first five peptide fragments must therefore be Glu-Asp- 
Cys-Pro-Leu-Gly. Fragment 6 confirms the information obtained from 4, and 
fragment 7, when correlated with the data above, tells us that a branch in the 
sequence must occur at one cysteine unit. The partial structure deduced so far 
is 
a 
Glu—Asp—Cys—Pro—Leu—Gly 


Fragments 8 and 9 account for the last two amino acids, tyrosine and isoleu- 
cine. They must be located between glutamic acid and one side of cysteine, 
but their order is not yet apparent. Dipeptide 12 provides the answer by 
showing that glutamic acid is connected to isoleucine. The amino acid se- 
quence is established. In depicting peptide primary structure it is common to 
use arrows to point from the C to the N atoms of a peptide bond—from the 
N-terminal to the C-terminal end of the chain. 


Ile — Tyr — pE 
Glu — Asp — Cys — Pro — Leu — Gly 


The last detail is to account for the 3 moles of ammonia obtained on 
hydrolysis. The ammonia must be bound as amides to the terminal carboxy 
group of glycine and the carboxylic acid side groups of aspartic and glutamic 
acids. Consistent with this statement is the observation that oxytocin is basic. 
The molecule is basic because the amino group of one cysteine is free and all 
of the potentially free carboxylic acid groups exist as neutral amides. 


Ile < Tyr <— Cys 


GIu(NH,) — Asp(NH,) > Cys — Pro — Leu — Gly(NH,) 
Oxytocin 
The approach used to determine the structure of oxytocin was typical of 
reactions and strategies that had been used to elucidate the structure of many 
other proteins. Protein structures are complex, and the work required was 
tedious. Oxytocin is a relatively small protein. Insulin (Fig. 22-3), a protein of 


NH; М WH, 
> Ser — Leu — Tyr — Glu — Leu — Glu — Asp — Tyr — Cys > Asp—CO,H 


Leu — Val — Glu — Ala — Leu — Tyr — Leu — Val — Cys > Gly > Glu 
HO,C—Ala < Lys < Pro < Thr < Туг < Phe < Gly < Arg 
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PROBLEM 
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PROBLEM 
22-15 


two peptide chains, contains 51 amino acids. Lysozyme (Fig. 22-4) is com- 
posed of a single peptide chain of 129 amino acids. Today's biochemists have 
modern instrumentation available for relatively rapid amino acid analysis of 
peptides. The Edman  sequenator automatically carries out the 
phenylisothiocyanate N-terminal group analysis (Sec. 22-2B) in a repetitive 
manner, which allows even complex peptides to be analyzed in a reasonable 
time. 


Complete hydrolysis showed that a heptapeptide consisted of one mol- 
ecule each of Leu, Pro, Phe, Met, and Gly and two molecules of Val. 
Treatment of the peptide with 2,4-dinitrofluorobenzene followed by 
hydrolysis yielded 2,4-dinitrophenylvaline. Very mild hydrolysis of 
the peptide produced fragments with the following amino acid compo- 
sitions: 


1 Phe, Met, Gly 


2 Pro, Leu 
3 Val, Leu 
4 Met, Phe, Pro 
5 Gly, Val 


Reaction with cyanogen bromide followed by hydrolysis yielded a di- 
peptide composed of glycine and valine. Deduce the amino acid se- 
quence of the peptide. 


A decapeptide was found, by complete hydrolysis, to have one mole- 
cule each of Gly, Ile, Arg, Trp, Thr, Leu, Phe, Lys, Ala, and Val. Less 
vigorous hydrolysis produced many small fragments from which two 
dipeptides, Lys, Ile and Arg, Leu, were isolated. Reaction of the 
decapeptide with dansyl chloride followed by hydrolysis gave the dan- 
Syl derivative of alanine. Enzymes were then used to obtain the follow- 
ing information: 


a Carboxypeptidase yielded threonine. 


b Trypsin gave three fragments: (Ala, Lys, Gly), (Phe, Ile, Arg, Val), 
and (Leu, Thr, Trp). 


с Chymotrypsin produced three fragments: (Phe, Ile, Gly, Lys, Ala), 
(Val, Leu, Arg, Trp) and (Thr). 


Indicate the amino acid sequence for this decapeptide. 


ov 


vcr о deyi sus deve 
1 | | 


*HN *HN *HN 
os 
dsy—N^H әп < AID < 141 < dsy < mW < 126 < AID 
^ 
| o» "HN oz 
эча пә E Ec > 126 > 8гу > 16] > 16] > sÁ) — dsy > dsy > AID > Злу > 41 > ом > AID 
| "HN "HN 
*HN 
dsy—N^H dsy < 196 < 195 < пә] < na] < ву < 196 < sKj < oid < ap < asy = sky < na] < dsy < Зу < 196 
1 | 
X "HN 
06 oor Hoo» 
EC ail — L > У > 196 > [eA > dsy > sJ ву > sk] > sh] > әр > [eA > 1э6 > dsy — ÁD — dsy na] 6 
1 | 
*HN 
оп 
nD < ayg < sh] < ву < ву Siy < dsy < ү < 161 < ву < [eA < IAL < ву < dsy < зи < AID Зу 


Bru E | 


hip > dev > Ау, > PA > sk — — — — sH > sK1 > AID > sy > dsy > [eA > NID > у > ү > әр -> Siy > AID > Sho 
"HN Ж E 
o or 
Күр? eL чое Hv c ADS о SVS A e аас e Е 
2 
HN T 
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PROBLEM 


22-16 


The linking of amino acids into a peptide can alter the acid-base prop- 
erties associated with the individual amino acids. The tetrapeptide Ala- 
Ala-Ala-Ala has рК, = 3.42 and pK,, = 7.94. 


a Explain the difference between those pK, values and the pK, values 
of alanine. 


b Predict the pI of the tetrapeptide. 


D. Synthesis 


PROBLEM 


22-17 


The goal of building up a chain of amino acids to form some desired 
peptide is a challenging one for the synthesis chemist. Consider, for example, 
that many molecules that possess two or more functional groups (the amino 
acids) must combine in a very definite order. Only sites on specific molecules 
can be involved in any one bond-forming reaction. Groups that have under- 
gone reaction must somehow be protected from reaction in subsequent steps. 
Many synthetic processes are required, so that the yield at each step becomes 
particularly critical. Furthermore, if the synthetic peptide is to duplicate a 
biological system, the configuration at each chiral center must be controlled. 

Chemists have devised rather ingenious methods to accomplish the goal 
of selective peptide synthesis. The very impressive syntheses that have been 
reported attest to the originality of workers in this field. Yet it is important to 
remember that, even with all the sophisticated techniques now available, the 
chemist still requires hours or days or months to accomplish what a biological 
system can do in seconds. 


The importance of yield at each step of a peptide synthesis is very 
great. Preparation of a decapeptide might involve 30 to 40 chemical 


reactions. Calculate the overall yield for a 40-step sequence assuming 
that each step could be accomplished in 90 percent yield. 


At each step in a laboratory peptide synthesis, the amino and carboxylic 
acid groups which are not to react must be protected (biochemists usually say 
blocked). We have previously learned (Sec. 20-2D) that a protecting group 
must be relatively easy to introduce onto the molecule, must be stable under 
the conditions of the desired reaction (amide formation in the case of a pep- 
tide synthesis), and must be easily removed at the end of the sequence. The 
groups commonly used to protect amino and carboxylic acid groups during 
peptide synthesis are listed in Table 22-5. 

The benzoxycarbonyl and tert-butoxycarbonyl are the most common 
N-protecting groups now used in peptide synthesis. Benzyl chloroformate, 
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TABLE 22-5 Protecting Groups for Peptide Synthesis 


Removed 
Name Structure Abbreviation Reagent by Using 
Amino-protecting 
groups 
i 
Benzoxycarbonyl суңусн,об— 7- C,H;CH,OCCI H,/Pd-C, HBr, 
HF, 
] 
(CH,);COC—|,0 
I 
tert-Butoxy- (CH3,COC— Boc- 3р CF;CO2H, НСІ, 
carbonyl BF;/Et,O/HF 
I 
(Сн) СОС 
сн. о Te. | 
Cyano-tert-butoxy- CNC а Cyoc- кше; aen NaOH/THF 
carbonyl CH; CH, 
para-Toluene- p-CH,C,H,SO,— Tos- p-CH,C,H,SO,Cl Na/NH3 
sulfonyl 
Carboxy-protecting 
groups 
Ester RO— = ROH/H* H,O/NaOH, 
R,O* X- H30*, Hj/Pd-C 


с ——————-—-——-————-—-——-——-—— 


the reagent used to prepare benzoxycarbonyl reagents, is the half-benzyl- 
ester—half-acid-chloride of carbonic acid. 


[| 
C,H,CH,OH + сос,  — C,H,CH,OCCI + на 


Benzyl alcohol Carbonyl chloride Benzyl chloroformate 
(Phosgene) 
NH, о Q е 
CH,CHCO,H + сен, сн.оса авола C,H,CH,OC—NHCHCO;H 
Alanine i4 Benzoxycarbonylalanine 


Benzyl groups are selectively removed by hydrogenolysis or acid hydro- 
lysis. After the protected amino acid has been utilized in a peptide-forming 
reaction, the product is treated with hydrogen in the presence of a palladium 
catalyst. The unstable carbamic acid which forms decarboxylates readily to 
free the original amino group. 
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CH, O о CHO 
[| [log НЫЕ: I ОТ 
C,H,CH,OC—NHCH—C-- 2°" C.H,CH, + HOC-NHCH—C-- 
A carbamic acid 
CH, O 


CO, + NH,CH—C— 


The tert-butoxycarbonyl protecting group is usually derived from tert- 
butyl dicarbonate or the corresponding chloroformate. fert-Butyl azidofor- 
mate was used formerly, but, like most low-molecular-weight azides, it is 
shock-sensitive and can cause explosions. Removal of the tert-butoxycarbony] 
protecting group is accomplished using an acid. A nonaqueous solvent such 
as glacial acetic acid is used to avoid hydrolysis of the peptide bond. 


о 
Il I 
NH,CH,CO,H + (CHj,COC—CI Ё“, (CH,),COCNHCH,CO,H 
Glycine t-Butoxycarbonylglycine 


[| ll ll 
(CHj,COCNHCH,C—N-- -HEHOA , (cH,),C=CH, + CO, + NH,CH,C—N— 


a Suggest a method for the preparation of tert-butyl chloroformate. 


b Propose a mechanism for cleavage of a tert-butoxycarbonyl-protected 
peptide. 


Carboxy groups are usually protected through conversion to esters 
using an alcohol under mildly acidic conditions. Subsequent removal of the 
ester protecting group can be carried out in aqueous base or acid, since esters 
hydrolyze more readily than peptides do. Benzyl esters also are cleaved by 
hydrogenolysis. 

Formation of the peptide bond requires some type of activating group to 
promote reaction, because carboxylic acids and amines do not readily form 
amides. We have previously seen that dicyclohexylcarbodiimide (DCC) is an 
effective reagent for the formation of simple amides and esters (Sec. 9-3). The 
reagent is also widely used in peptide synthesis. 


о CH, 
DCC/DMF 
(CH,);COC—NHCH,CO,H + NH,CHCO,CH,C,H, -PEC/PMF , 
Amino group protected Carboxy group protected 
"evincere о, ГОН, 


] ] | HCI/HOA. | 
(CH,);COCNHCH,C—NHCHCO,CH,C,;H, HMOs NH,CH,C—NHCHCO,H 


Glycylalanine 


PROBLEM What dipeptide products would be formed if unprotected glycine and 
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alanine were treated with dicyclohexylcarbodiimide? 


Conversion of the carboxy group to a more reactive derivative is another 
common method used for peptide bond formation. Acyl halides are normally 
too reactive, and their use would also result in significant racemization of an 
optically active amino acid (Prob. 22-31). Formation of a mixed anhydride 
using a reagent such as isobutyl chloroformate is usually accomplished with 
negligible racemization and provides a relatively reactive intermediate. 


1 
CH,CHCO,H + CICOCH,CH(CH;), ЁЗ“, 


C,H,CH,OCNH 
L 
Benzoxycarbonylalanine Isobutyl chloroformate 
Jei dac 
CH,CHCO—COCH, CH(CH,), EHOGHICHEHCOICHI , 
CH,CH,OCNH 
CH,CHE—NHCHCH,C,H,OH-p HEIRS CH,CHC—NHCHCH,C,H,OH-p 
CjH,CH,OCNH CO,CH, №, COH 
l Alanyltyrosine 


A rather interesting intermediate for peptide synthesis is the N- 
carboxyanhydride (NCA) derivative of an amino acid. The intermediate is 
formed by treating an amino acid with phosgene to accomplish both protec- 
tion of the amino group and intramolecular activation of the carboxylic acid. 
The reaction medium must be basic, usually pH 10—11, to avoid decarboxyla- 
tion and deblocking of the amino group. 


| | THE/H,O HOGA 7p 
HO,CCH,CHCO,H + CICCI 2—5 CH,CH——C NE, 
| pH =10 М, CH,CH,CHCONH, 
NH, p == ee 
НС 
о 
Aspartic acid Aspartic acid N-carboxyanhydride 


1 
HO,CCH,CHC-NHCHCONH, 


NH, CH,C,H, 
Aspartylphenylalanylamide 
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FIGURE 22-5 


Total synthesis of 


oxytocin. 


We have illustrated the methods of peptide synthesis by looking at the 
techniques used for preparation of some dipeptides. Peptides containing 
many amino acids are prepared in this same way. Each reactant is appropri- 
ately protected, and the peptide bond is formed. The new peptide is recov- 
ered and again protected, and the sequence is repeated until the desired 
polypeptide is attained. One synthesis of oxytocin exemplifies the strategy 
(Fig. 22-5). Carboxy groups were activated at each step as p-nitrophenyl es- 
ters. The thiol group of each cysteine was protected as a benzyl derivative. At 


Z—Leu—ONp СУ-08, 7 peu giy— opc HB/HOAC, 
Leu—Gly—OEt -É-P-ONP, 7. pro. Leu—Gly—OEt -ХНУМеОН , 


Bzl 
Z—Pro—Leu—Gly(NH,) -EEVHO^: , pr тец GIy(NH)) 2=бе-ОМр, 


Bzl 


| 
Z—Cys—Pro—Leu—Gly(NH,) yo? 


Bzl 


| 1 

) HBr/HOAc 
ZA E-CoE- Pro 
sp(NH,)—Cys—Pro—Leu—Gly(NH,) ЕН MU т 


Bzl 


Z—Glu(NH,)—Asp(NH,)—Cys—Pro—Leu GlyNH,) ое > 


Bzl 
| 
2—Пе—СЇ Spare а тотен улану 1) HBr/HOAc 
le lu(NH,)—Asp(NH,)—Cys—Pro—Leu—Gly(NH,) 7 О 
Bzl 
Z—Tyr—Ile—Glu(NH,)—Asp(NH,)—Cys—Pro—Leu—Gly(NH,) Еш 
zi 
2)Z— ys ом 
pa Bzl 
Z—Cys—Tyr—Ile—Glu(NH,) Asp(NH,)—Cys—Pro—Leu—Gly(NH,) DAVNE, , 
2 
Ile Tyr Cys 
Glu(NH,)—Asp(NH,)—Cys—Pro—Leu—Gly(NH,) 
Oxytocin 
Abbreviations used for protecting groups: Z = benzoxycarbonyl 
Bzl = benzyl 


ONp = p-nitrophenoxy 


PROBLEM 


22-20 


PROBLEM 
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the final step, the benzyl groups were removed by reduction with sodium 
metal in ammonia, and the disulfide bond formed by air oxidation. 


Show how each of the following peptides could be prepared from the 
individual amino acids: 

a Phe-Ala-Val 

b Ile-Met-Asp 

c Lys-Ala-Leu-Phe 


Often a peptide synthesis is completed by joining two smaller peptide 
chains rather than by building up the total structure one unit at a time. 
For example, a hexapeptide might be prepared by synthesizing two 
tripeptides and then joining them together—a convergent synthesis. 
Assume that formation of each peptide bond can be accomplished in 90 
percent yield. Calculate the yield that would be obtained if the six 
amino acids were put together one at a time as compared to the yield 
when the same hexapeptide is formed by first forming two tripeptides. 


Syntheses of many complex peptides have been accomplished by the 
stepwise method described. A rather impressive modification of the ap- 
proach, known as solid-phase peptide synthesis, was introduced by R. Bruce 
Merrifield. He was awarded the Nobel prize in chemistry for 1984 in recogni- 
tion of this work. In solid-phase peptide synthesis the growing peptide chain 
is attached to a chemically inert polymeric resin. After each step of the synthe- 
sis is carried out, excess reagents and unwanted side products are washed 
from the polymer. The peptide chain, still attached to the polymer, is ready 
for the next step (Fig. 22-6). 

The resin support is polystyrene to which chloromethyl groups have 
been attached at about every hundredth phenyl group. The amino acid which 
will be the C-terminal group of the peptide is protected at its amino group and 
then attached to the polymer as an ester. Removal of the amino-protecting 
group and then addition of the next amino acid (also protected at its amino 
function) continues the growing peptide chain. Amino-protecting groups at 
each step are usually removed with trifluoroacetic acid, and final cleavage of 
the peptide from the polymer is accomplished with HBr or HF. 

The solid-phase synthesis is readily adaptable to automation, and such 
instrumentation is commercially available. Synthesis of the protein enzyme 
ribonuclease (Fig. 22-7) using this method was reported by Merrifield in 1969. 
The protein has 124 amino acids, and 11,931 operations were required to 
accomplish 369 chemical reactions. The yield was a very impressive 18 per- 
cent. 
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FIGURE 22-6 

Outline of solid- (B) CH,Cl 

phase peptide 

synthesis. R 
-о,с—бн—мнсо,—с(сну, 


R 


| 
о-( J-au-o.c-Giwico,- ocio, 


|gieosvena, 


R 
| 
e| V-oau-o.c-ciw 


в 
ан ел 
| їр 
(Р и \ CH,—O,C—CH—NH-—CO—CH-—NHCO;-—C(CHy)s 


|свсознисньсь, 


, 


| ) 
P J-au-o.c-aiwi-co- ci wn 


в” 
Dcc eos tee 


[вы НВг ог НЕ/СЕ,СО,Н 


of Усы + HO,C—-— peptide——NH, 


(В) = insoluble polymer 


PROBLEM Bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg), a nonapeptide 
22-22 that participates in the control of blood pressure, was synthesized in 85 


percent yield by use of the Merrifield method. Show the probable steps 
in this solid-phase synthesis. 
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22-3 


А. 


Proteins, Enzymes, and Biosynthesis 


Proteins are naturally occurring high-molecular-weight polypeptides. 
Those that possess only amino acids are classified as simple proteins. Conju- 
gated proteins contain non-amino acid components known as prosthetic 
groups in addition to the amino acid backbone. 

The primary structure of a protein is the sequence of amino acid and 
prosthetic components of which the protein is constructed; it is determined 
principally by the chemical methods which were considered in preceding 
sections of this chapter. When we speak of secondary and tertiary protein 
structure we are referring to the three-dimensional orientation of the macro- 
molecule. Secondary structure refers to neighboring group relations and terti- 
ary structure to folding of the protein. The quaternary structure is the ar- 
rangement of multichain protein complexes. X-ray and other modern spectral 
techniques have been particularly useful in elucidating the spatial characteris- 
tics of proteins. 


The а-Нейх 


The variety of groups which make up a polypeptide provide many pos- 
sibilities for inter- and intramolecular interactions. Hydrogen bonding, steric 
repulsions, van der Waals attractions, and solvation contribute to the three- 
dimensional conformation of proteins. Although an infinite number of possi- 
bilities might be envisioned, only a very few types of secondary structures are 
found for proteins. Certain specific interactions actually limit the energetically 
favorable disposition of atoms. 

The peptide bond is the major factor in determining protein conforma- 
tion. Determination of the x-ray diffraction patterns of simple di- and tripep- 
tides by Pauling and Corey showed that the C—N bond is shorter and the 
C—O bond longer than analogous nonpeptide amide bonds. They also found 
that the amide group and the two adjacent carbon atoms lie in a common 
plane with the amide hydrogen atom trans to the carbonyl oxygen atom. 
These results are attributed to contributions by a resonance structure in which 
the electron pair on nitrogen is delocalized to the carbonyl oxygen atom. The 
double-bond character of the peptide bond accounts for a barrier to rotation 
near 10 kcal/mol (42 kJ/mol). 


M e ae 
A ме N Pd 4 i 
H H 


When a series of peptide bonds formed from a-amino acids are linked 
together, the spatial orientation of the chain will depend on the relations 
between the amide group planes. Rotations are most important at the single 
bonds connected to the a-carbon atoms (Fig. 22-8). Dipolar and steric interac- 
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FIGURE 22-8 


Spatial relations between amide planes. 


tions between amino acids will partially restrict the freedom of motion about 
those bonds. 

The x-ray data further indicated that the spatial characteristics of many 
polypeptide chains repeat approximately every 5.4 À (540 pm). Using those 
data and carefully constructed molecular models, it was deduced that such 
chains of amino acids possess an a-helix conformation (Fig. 22-9). (Recall that 
the polycarbohydrate starch also exists as a helix; Sec. 21-3С.) 

Intramolecular hydrogen bonds that form between the carbonyl oxygen 
atom and the amido hydrogen of every third amino acid in the chain lead to 
the a-helix conformation. About 3.6 amino acids are involved in each turn, so 
that the hydrogen bonds are only approximately parallel to the axis of the 
helix. The a-helix is an important example of protein secondary structure. 

We can see that x-ray diffraction has been particularly useful for the 
structural elucidation of complex biological compounds. The method is based 
on the principle that a beam of radiation is scattered by the electrons sur- 
rounding each atom of a molecule. X-rays are used because their wavelength 
is similar to the bond lengths and atomic dimensions of molecules. Scattered 
radiation can interact in a constructive way or a destructive manner to pro- 
duce a diffraction pattern. Such diffraction patterns provide an indication of 
relative positions of atoms within the crystalline sample. 

Determination of molecular structure by x-ray diffraction is actually 
quite complex. A large number of "reflections" are obtained at varying angles 
of the incident radiation. The experimental data are mathematically analyzed 
by computer to give an intensity distribution map from which an approximate 
“picture” of the molecular structure can be deduced. The initial data provide 
a basis for the formulation of a model upon which further refinement of the 
data is based. Effective use of the method requires an understanding of mo- 
lecular structure that can be used to develop appropriate model structures. 
The diffraction patterns expected from model structures must ultimately 
match the observed data. 

Because the x-rays are scattered by the electrons of an atom, atoms of 
higher atomic number (“heavier atoms") lead to denser diffraction patterns. 
The positions of these atoms can be determined with greater precision than 
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FIGURE 22-9 


А protein a-helix. 
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those of the “lighter atoms.” A related diffraction method known as neutron 
diffraction analysis involves scattering of a neutron beam by atomic nuclei 
within a molecule. Atoms such as hydrogen can be "seen" as accurately as 
heavier atoms. The method is particularly useful for the study of organic 
compounds. 


. Other Secondary and Tertiary Structural Characteristics 


Not all amino acids are suitable for the formation of an a-helix. Proline, 
for example, is relatively rigid because of its cyclic structure. Furthermore, 
formation of a peptide bond with proline removes the amido hydrogen atom, 
so that hydrogen bonding through an N—H bond is not possible. Where 
proline is a component of the primary structure, the secondary a-helical con- 
formation is interrupted by a bend or kink. 

Another protein conformation is known as the fi-pleated sheet. The 
polypeptide chain is extended in a zig-zag arrangement. Parallel chains are 
held together by interchain (between different chains) hydrogen bonds 
(Fig. 22-10). 

Globular proteins as exemplified by myoglobin provide an interesting 
example of tertiary structure. Myoglobin functions to store and transfer oxy- 
gen. It is very closely related to the more complex protein hemoglobin. 

Myoglobin contains a polypeptide chain of 153 amino acids plus an iron- 
porphyrin (heme) prosthetic group (Sec. 15-40). X-ray analysis by John 
Kendrew and Max Perutz (for which they received the Nobel prize in chemis- 
try in 1962) reveals that it consists of eight a-helical segments folded into an 
approximate spherical form (Fig. 22-11). To attain solubility in aqueous body 
fluids, myoglobin folds so that the polar (hydrophilic) groups are oriented 
toward the outside of the globule. The central part of the protein provides a 
hydrophobic pocket into which the heme group fits. The nitrogen atom of a 
histidine located in this pocket bonds to the iron atom and leaves one poten- 
tial ligand site on the iron free for oxygen binding. 

The forces which account for the three-dimensional structure of proteins 
are relatively weak. They can be disrupted by heat, a change in pH, medium 


FIGURE 22-10 
The f-pleated 
sheet conforma- 
tion of a protein. 
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FIGURE 22-11 

The structure of 
myoglobin. 
(From p. 634, The 
Proteins, vol. 2, 
R. E. Dickerson 
and H. Neurath, 
Academic Press, 
1964.) 


effects, or mechanical stress. The process by which the natural conformation 
of a protein is disrupted or destroyed is known as denaturation. 

Cooking food is a very familiar denaturing process. The most significant 
consequence of denaturation is that the protein loses its characteristic biologi- 
cal activity. Though denaturation is usually irreversible, there are some exam- 
ples of a protein reverting to its natural state when the disruptive parameters 
are removed. 


PROBLEM The three-dimensional structure of polylysine, a peptide consisting 
22-23 only of lysine units, depends on the pH of the medium. At pH 6-7 


polylysine has a rather random structure, but it becomes a regular a- 
helix at pH > 11. Suggest a reason for this pH dependence. 


C. Enzymes 


Enzymes are the proteins which catalyze essentially all biochemical reac- 
tions. They have evolved to be extraordinarily specific as to the kind of reac- 
tions they catalyze and even the place on a particular substrate where they 
may function. Rate enhancements are commonly very large, so that a bio- 
chemical reaction may take place instantly and quantitatively. The same type 
of reaction in the laboratory might take hours or days even under very vigor- 
ous conditions. 
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An enzyme is commonly named by adding the suffix -ase to a root indi- 
cating its function or the substrate on which it acts. An oxidoreductase, for 
example, catalyzes an oxidation-reduction reaction, and a transferase serves 
to transfer a specific group. Similarly, lactate dehydrogenase catalyzes the 
dehydrogenation of lactic acid and phosphatase the hydrolysis of phosphate 
esters. 

An enzyme begins action by forming a complex with the substrate. The 
enzyme-substrate complex may be held together by van der Waals and elec- 
trostatic attractions, by hydrogen bonds, or, less commonly, by covalent bond 
formation. Complexation must be rapid and reversible so that product sepa- 
rates immediately after reaction and frees the enzyme for further catalytic 
activity. 

The complex forms at the active site of the enzyme. This is the region of 
the enzyme which promotes the specific reaction. The active site must pos- 
sess the proper atoms and configurations for both binding and catalysis. 

A diagrammatic presentation of enzyme action is shown in Fig. 22-12. The 
figure depicts a cleavage—or its reverse, a construction. The substrate is 


FIGURE 22-12 
Diagrammatic 
model of en- 
zyme action: 

(a) lock and key 
and (b) induced 
fit. 


Substrate 


Active site 


Substrate 


Enzyme-substrate complex yaaa 


Active site 
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PROBLEM 


22-24 


drawn to the enzyme's active site, where a very specific fit leads to the en- 
zyme-substrate complex. When reaction is complete, the product molecule(s) 
departs and leaves the enzyme free for another capture and catalytic step. 

The specificity of the enzyme-substrate fit is referred to as the lock-and- 
key mechanism of enzyme catalysis. The interactions are three-dimensional, 
and thus they account for the observation that one enantiomer of a substrate 
may be biologically active and the other inactive. There is now evidence that 
in some cases the complementarity of the separated enzyme and substrate 
need not be exact because the precise fit can be induced as the complex forms 
(Fig. 22-12b). 


Enzyme inhibition by various poisons can often be attributed to some 


type of blocking of the enzyme-substrate interaction. Suggest how the 
blocking might occur. 


The remarkable catalytic activity of enzymes may not seem surprising 
when we recall the factors that are required for a chemical reaction to proceed 
(Sec. 5-2). Reactants must not only have sufficient energy but must come 
together in a favorable orientation for reaction. We have seen many examples 
in which the favorable orientation associated with an intramolecular process 
leads to a very large rate enhancement relative to comparable intermolecular 
reactions. The enzyme-substrate complex provides the optimum orientation 
for reaction. Note that the enzyme does not change the relative energies of 
reactants and products; it changes only the activation energy that controls the 
rate of reaction. 

Let us examine the action of chymotrypsin, the most studied of the 
enzymes that exist in the stomach and upper intestine to hydrolyze proteins. 
Proteins ingested as food are cleaved into their constituent amino acids to 
ultimately be reused for synthesis into native tissue protein. Chymotrypsin 
specifically catalyzes the interconversion of carboxylic acid derivatives. It is 
described as an acyl transferase, i.e., as an acylating or deacylating enzyme. 

Chymotrypsin is a single peptide chain of 245 amino acids. Three amino 
acids of the enzyme are believed to be involved in the protein hydrolysis. The 
hydroxy group of serine is the oxygen nucleophile that attacks the carbonyl of 
the amide (peptide) bond being cleaved. Histidine, through its imidazole 
ring, functions as a base to enhance the nucleophilicity of the serine hydroxy. 
Aspartic acid, the third amino acid, is not directly at the active site responsible 
for amide hydrolysis. However, x-ray and NMR data show that the free car- 
boxylate of aspartic acid is hydrogen bonded to the back side of the histidine. 
This has led to the suggestion that aspartic acid enhances the basicity of the 
imidazole ring and therefore participates in the enzyme activation. 
Chymotrypsin is an example of a multifunctional catalyst. A mechanistic 
scheme for the involvement of histidine and serine in chymotrypsin action is 

outlined in Fig. 22-13. 
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PROBLEM 
22-25 


Consider the proposed mechanism of protein hydrolysis by chymo- 
trypsin. 


a Show how the carboxylate of aspartic acid might enhance the basicity 
of the histidine, which in turn enhances the nucleophilicity of the 
serine hydroxy group. 


b That serine participates in chymotrypsin action was first shown by 
the observation that diisopropyl fluorophosphate (DFP; Sec. 9-8B) 
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PROBLEM 


22-26 


inhibited hydrolysis by the enzyme. Further, when DFP labeled with 
32р was used, degradation of the deactivated enzyme provided the 
fragment below. Show how this might be formed and how it impli- 
cates serine in the enzyme mechanism. 


сон О 

4 

H,N—CHCH,O-7—OH 
OH 


*Labeled phosphorus atom 


The 20 amino acid fragments in proteins do not provide enough func- 
tional group variation to catalyze all the reactions needed in metabolism. Ac- 
cordingly, many enzyme active sites require specially constructed functional 
groups that complex the enzyme. These are usually small molecules called 
coenzymes. The center section of the active site in Fig. 22-12, shown shaded 
above the dashed line, might be a removable small coenzyme molecule. In the 
oxidoreductase enzymes, the coenzyme is an oxidizing or reducing agent 
which usually must leave after functioning to be “recharged,” i.e., recon- 
verted to its oxidizing or reducing form, at another locale. Vitamins in the diet 
are usually coenzymes supplied intact in food. The human body depends on 
other organisms to make these materials. 

The most prominent oxidoreductase coenzyme is nicotinamide-adenine 
dinucleotide (NAD*; Sec. 21-4C), which can accept a hydride to become 
NADH (Sec. 8-40). NAD* is an oxidizing agent, since it dehydrogenates a 
substrate. The vitamin niacin (Sec. 19-2) is the source of this coenzyme. Vita- 
min B» (riboflavin, Sec. 21-4C) is a precursor of flavin-adenine dinucleotide 
(FAD), another important oxidoreductase coenzyme. Vitamin B, (thiamine, 
Sec, 19-2) is a universal coenzyme responsible for the decarboxylation of a- 
keto acids. Vitamin Be (pyridoxal) is involved in the transamination sequence 
of amino acid synthesis (Sec. 8-6D). 


Thiamine-catalyzed decarboxylation of a-keto acids is believed to be 
initiated by the removal of an acidic hydrogen atom from the thiazole 
ring of thiamine. 


a Why is this hydrogen atom acidic? 
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b Suggest a mechanism for the decarboxylation of pyruvic acid 
(CH;COCO,H) by thiamine which leads to the formation of the in- 
termediate A. k 

CH; 
+/ = 
=N 
\ 5 
CH,—C—OH 


| 
H 


А= 


с The conversion of A and CoA to acetyl coenzyme А is promoted by 


the coenzyme lipoic acid. Provide a mechanism for this process 
which regenerates the thiazole ring of thiamine while forming 
dihydrolipoic acid. 

| н5 

5 HS 


(CH,),CO,H (CH,),CO,H 
Lipoic acid Dihydrolipoic acid 


D. Nucleic Acids 


In Sec. 21-4 we learned that a nucleoside is a pentose glycoside in which 
the aglycone is a heterocyclic base. When a phosphate group is added, the 
compounds are called nucleotides. Nucleic acids are giant polynucleotides 
with molecular weights in the vicinity of 10°. The molecules are large enough 
to be seen with an electron microscope. 

We now know that the genetic information required to replicate a living 
organism is stored in the deoxyribonucleic acids (DNA) found in the chromo- 
somes of cells. DNA and the related RNA, ribonucleic acid, control the syn- 
thesis of proteins, including the many metabolic enzymes which account for 
the functions of living things. 

The nucleosides of DNA and RNA are connected together by phosphate 
units attached to the 3 position of one pentose unit and the 5 position of the 
next pentose unit. The nucleosides are phosphate esters of a 1,3-diol. By 
convention, the sequence is drawn with the 5-linked phosphate at the left of 
the ribose unit (Fig. 22-14). 

That DNA is present as a significant component of the cell nucleus has 
been known for over one hundred years, but not until the 1940s was the 
genetic character of the material discovered. A great deal of effort was di- 
rected toward elucidating the DNA structure. In 1953 James Watson and Fran- 
cis Crick suggested the structure that is now well accepted—the double helix. 
They (along with Maurice Wilkins) were awarded the Nobel prize for physiol- 
ogy and medicine in 1962 for this work. 
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FIGURE 22-14 
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The Watson-Crick model of DNA was developed using data derived 
from many sources. One of the very important pieces of evidence was that, 
although the composition of DNA varies from species to species, there is a 
certain regularity to the relative numbers of the heterocyclic bases. The num- 
ber of adenine groups is equal to the number of thymine groups, and the 
guanine groups are equal in number to the cytosine groups. 

X-ray analysis also played a major role. Watson and Crick built precise 
molecular models based on the x-ray data in order to see how the pieces could 
fit together. They concluded that a model with two adjacent helical polynucle- 
otide chains could account for the available experimental results. The two 
chains were believed to be held together by specific hydrogen bonding inter- 
actions of the adenines of one chain with the thymines of the other and the 
guanines of one chain with the cytosines of the other. The double helix model 
accounts for the x-ray data and the previously puzzling pairing of the hetero- 
cyclic bases (Fig. 22-15). 


E. Replication 


The publication by Watson and Crick which reported the double helix 
model included the sentence: “It has not escaped our notice that the specific 
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FIGURE 22-15 
Base-pair hydrogen bonding and the Watson-Crick double helix model of DNA. 
1 Hydrogen bond 
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| Adenine-thymine or 


N guanine-cytosine pair 
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guanine-cytosine 


Deoxyribose-phosphate 
chain 


Deoxyribose 


adenine-thymine 


(base) pairing we have postulated immediately suggests a possible copying 
mechanism for the genetic materials.” The authors were well aware that their 
DNA model must not only account for all of the chemical and physical data 
but also provide an explanation for the transfer of genetic information. 

The key to the duplication of genetic information “suggested” to Watson 
and Crick by their model lies in the concept of complementary pairing of 
nucleoside bases. Duplication begins with a parent DNA molecule. Some- 
where along the polynucleotide chain the two strands of the double helix 
separate. Each of the separated fragments is the template for formation of a 
new daughter strand with the complementary sequence of base pairs. When 
the process is complete, a parent and its complementary daughter strand are 
a new DNA double helix, and replication is accomplished (Fig. 22-16; the 
letters represent the bases of each of the four nucleosides). 

The mechanics of the duplication process are complex, and they still are 
not completely understood. Parent DNA is reproduced before cell division. 
The DNA becomes a part of the genes of two identical sets of chromosomes 
which will subsequently determine the biochemical capabilities of the two 
new cells. Frederick Sanger (Sec. 22-2B), Paul Berg, and Walter Gilbert shared 
the Nobel prize for chemistry in 1981 for their contributions toward under- 
standing the chemical basis of genetics. 
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FIGURE 22-16 
The Watson-Crick 
model of DNA 
replication. 
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Two identical DNA molecules 


Protein Synthesis 


The genetic information of DNA resides in the sequence of nucleoside 
bases, often called the genetic code. A sequence of three bases, a triplet code, 
identifies a specific amino acid to be used in protein synthesis. There are 64 
possible triplet combinations of the four bases (4? — 64) which can account for 
the 20 standard amino acids plus other required information. Thus the se- 
quence of bases holds sufficient information for constructing any protein 
within a cell. The genetic code for specific amino acids is known, and it has 
been found that most amino acids are represented by more than one nucleo- 
side base sequence. 

Interestingly, DNA is not directly involved in protein synthesis. Most 
protein synthesis takes place at ribosomes in the cytoplasm and away from 
the DNA in the cell nucleus. Genetic information is carried to the cytoplasm 
by messenger RNA (m-RNA). There the genetic message is relayed to transfer 
RNA (t-RNA), which actually provides the specific amino acid for the grow- 
ing peptide chain. 

RNA differs from DNA in three principal ways: 


1 The pentose is ribose rather than 2-deoxyribose. 

2 The molecule is much smaller than the DNA molecule and exists as a 
single-stranded polynucleotide. 

3 The base uracil replaces thymine. However, it still pairs with adenine. 


As we look at the transmission of genetic information, we continue to 
make use of the Watson-Crick concept of complementary base pairs. For ex- 
ample, if the requirement were for a molecule of alanine, the DNA would 
produce the nucleoside base sequence GCC (GCU, GCA, or GCC will also 
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work) in m-RNA by base pairing through hydrogen bonds. A three-base se- 
quence on m-RNA is known as a codon. The m-RNA would migrate to the 
ribosome, where it would relay the message to t-RNA through pairing with 
its complementary base sequence at the anticodon. Note that most of the 
nucleoside bases of t-RNA are paired within the molecule, so they do not 
interfere with the anticodon site. 


CH, 
C EA ]-0—co—cH-NH, 
Alanine 


Alanine transfer RNA 


While the m-RNA complexes with the ribosome, the complementary 
t-RNA, with its associated amino acid, pairs at the appropriate m-RNA site. 
Peptide bonds are formed between amino acids of the НЕМА carriers, and 
then the НЕМА carriers are released to attract other amino acid molecules for 
subsequent use. The growing peptide chain is attached to the most recently 
added t-RNA-amino acid fragment and is released only when the protein 
synthesis is complete (Fig. 22-17). 


Protein synthesis at the ribosomes. 
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PROBLEM 
22-28 


22-4 


Draw the hydrogen bond pairing of uracil with adenine. 


The codons carried by m-RNA to indicate isoleucine are AUU, AUC, 
and AUA. 


a What are the corresponding anticodons in t-RNA? 


b What are the corresponding base sequences in the initial DNA? 


All areas of science contributed to an understanding of biological protein 
synthesis and the transfer of genetic information. In some respects it seems 
amazing that so much was learned about the mechanics of the process over a 
period of only about twenty-five years. Yet we again see the logic of science 
exemplified. The interactions which account for these processes are, in them- 
selves, rather simple; but when many occur at the same time, restrictions 
become severe and processes very specific. 


Summary 


An amino acid contains at least one amino and one carboxylic acid 
group. The 20 amino acids commonly found in proteins are a-amino acids; 
they possess the т. stereochemical configuration. All amino acids are ampho- 
teric and exist as inner salts at pH values near 6. The pH value at which an 
amino acid is electrically neutral is its isoelectric point. 

Formation of an amide bond between two or more amino acids produces 
a peptide. Peptides are polyamino acids, and the amide bond by which the 
amino acids combine is termed a peptide bond. Peptides are prepared by the 
kinds of chemical reactions introduced in earlier chapters. Appropriate pro- 
tecting groups are usually used to ensure reaction specificity at each step. 

The analysis of peptides includes complete hydrolysis to establish the 
total amino acid content and then more careful partial degradation to deter- 
mine the sequence of amino acids. Various chemical and enzymatic methods 
are utilized to identify the N-terminal and C-terminal amino acids of the pep- 
tide. Small fragments can be analyzed and then reconstructed conceptually, 
much like the solution of a puzzle. Alternatively, a sequential process can be 
used to remove and analyze one amino acid fragment at a time, 

Proteins are very large polypeptides with molecular weights greater 
than 5,000. They commonly possess more than one peptide chain, and they 
may also have nonpeptide prosthetic components. Proteins and peptides take 
up characteristic three-dimensional shapes as a result of structural restrictions 
and nonbonding interactions within the molecule. The a-helix, a result of the 
rigidity of the peptide linkage and intramolecular hydrogen bonding, is a 
common spatial orientation. The three-dimensional conformation of proteins 
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is easily disrupted by heat or a change in pH or medium by a process called 
denaturation. 

Enzymes are the catalysts which control many biochemical processes. 
They are proteins with active sites for complexation to substrate molecules 
and promotion of specific reactions. 

Nucleic acids—large polynucleotide molecules—control the biosynthe- 
sis of proteins. DNA, a two-stranded molecule with a double helix conforma- 
tion, contains the genetic information which is required as new protein mole- 
cules are synthesized. Interaction between complementary nucleoside base 
pairs in DNA and RNA accomplishes the remarkable process of genetic trans- 
fer and protein synthesis, and therefore the replication of a living organism. 


Supplementary Problems 


When glycine is heated, the first product that can be isolated is the cyclic 2,5- 
diketopiperazine (glycine anhydride) corresponding to the reaction of 2 moles of gly- 
cine with loss of 2 moles of water. Suggest a mechanism for this reaction. 


H 
мо 
H A 
2 glycine — H0 їй T 
la 2 
O^ ^N 
H 


The biosynthesis of proline takes place with glutamic acid as a starting material. Sug- 
gest a sequence of reactions for this transformation that are expected to correspond to 
reasonable biochemical processes. 


One reason why acyl chlorides are not good peptide precursors is that their formation 
from optically active a-amino acids leads to considerable racemization. Suggest a 
mechanism for the racemization. 


Complete hydrolysis of 100 g of a polypeptide gave the following amounts of the 
component amino acids: glycine, 3.0 g; alanine, 0.9 g; valine, 3.7 g; proline, 6.9 g; ser- 
ine, 7.3 g; arginine, 8.6 g. 

a Determine the relative numbers of the component amino acids in the peptide. 

b What is the minimum molecular weight of the peptide? 


А pentapeptide was treated with dansyl chloride (DNS-CI) and then hydrolyzed to 
give 

1 DNS-Gly + 2 Gly + 2 Ser 

The pentapeptide was then partially hydrolyzed and the three fragments obtained 
were labeled with dansyl chloride. The labeled fragments were hydrolyzed to give 
2 DNS-Ser + Ser + 2 Gly 

3 DNS-Gly + Ser + Gly 

4 DNS-Ser + Gly + Ser 

A more careful analysis of fragment 3 showed a sequence of Gly-Gly-Ser. Deduce the 
structure of the pentapeptide. 

A heptapeptide, on complete hydrolysis, gave 2 Ala, Glu, Leu, Ile, Phe, and Val. 


Treatment with dinitrofluorobenzene (DNP-F) and then hydrolysis gave DNP-Val and 
DNP-Val-Leu among the fragments. When the original heptapeptide was treated with 
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the enzyme carboxypeptidase, alanine was recovered initially and then glutamic acid 
began to appear. Partial hydrolysis of the heptapeptide followed by DNP-F gave DNP- 
Leu-Ile. A tripeptide recovered on partial hydrolysis was composed of phenylalanine, 
glutamic acid, and alanine, and gave labeled alanine on treatment with DNP-F fol- 
lowed by hydrolysis. Propose a structure for the heptapeptide. 

Ornithine, a naturally occurring nonprotein amino acid, can be synthesized by the 


following reactions. Ornithine also reacts with H;N—CN under basic conditions to 
give arginine. Provide structural formulas for ornithine and the intermediates in its 


synthesis. 


22-35 


+ 
1) NaOEt/EtOH А H,/Ni ‚ B H,0*/A с A Ур HCI/H,O , 
2) СН,=СНСМ -со, —H,O A 


ll 
CH,CNHCH(CO,C;Hj), 


E(C,H,,N,O,Cl,) + CH,CO,H PH=, С.Н, N,O, 2 ОН, Arginine 


2) H,NCN 
Ornithine 


Pure crystalline chymotrypsin, which is sold commercially, may be used to catalyze 
hydrolysis of esters or amides of appropriate substrates. By selection of an artificial 
substrate and comparison of the hydrolysis rate of that substrate with a standard 
substrate such as phenylalanine ester, one may study the nature of the "fit" of sub- 
strate into enzyme required for active catalysis. What can we conclude from the fol- 
lowing rates? 
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Rate Н; Каќе 
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C,H,CH,CH—COOG;H; 
NHCOCH, 


t-Phenylalanine derivative 
p-Phenylalanine derivative —0 


C,H,CH,CH,COOC;H; 15 


-©н;сн,-с—соосун, ~o 
NHCOCH, 


c 
cu C H-COOCH, 


2 
L-CH;—CH—COOC,H, 2 р-іѕотег 4.3 x 10* 
L-isomer 11 


NHCOCH, 


Tuppy determined the structure of oxytocin (Sec. 22-2C) at about the same time as du 
Vigneaud did. Tuppy's analysis was based on the following data: Hydrolysis of the 
oxidized oxytocin provided four dipeptides (1-4) and two tripeptides (5 and 6). The 
N-terminal group in each, as determined by dinitrofluorobenzene analysis, is under- 
lined. A specific enzymatic cleavage of the oxidized oxytocin provided two tetrapep- 
tides (7 and 8) whose N-terminal groups are indicated. Another enzymatic method 
showed that glycine was present as its amide (NH3) derivative. Show how these data 
can be used to deduce the amino acid sequence of oxytocin. 


1 Asp-CySO3H 5 Tyr, Glu, Ile 

2 CySO3H-Tyr 6 CySO3H, Leu, Pro 

3 Leu-Gly 7 CySO3H, Glu, Tyr, Пе 
4 Ile-Glu 8 Asp, CySOsH, Leu, Pro 


Suggest a sequence for each of the following syntheses from the compound indicated 
and other necessary materials. 
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NH, 
a CHAE CON from СНЕ 

CH; 

NH, 
b CH,CH,CH,CHCO,H from — CH4(CH;),CO;H 
NH, 
c CH,CH,"CHCO,H using МСО, 
NH, 


а CH,CH,CHCO,H бот CH,(CO,C,H;)z 


“COH 
e Mera si using HHCN 
NH, 


f Ala-Val-Phe-Met-Ala — from individual amino acids 


The ‘H-NMR spectrum of N,N-dimethylformamide at 25°C is 5-ppm: 2.88 (3, s), 2.97 
(3,s), 8.02 (1,5). As the sample temperature is raised, the peaks at 2.88 and 2.97 ppm 
broaden and coalesce. At about 170°C they have become one singlet with relative area 
of 6. 

a Explain the NMR result. 

b Relate this to peptide structure. 
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23-1 


Lipids are the compounds that can be extracted from cells and tissues by 
nonpolar organic solvents. They are the water-insoluble components derived 
from plants and animals. 

The classification is rather unusual, since lipids have no characteristic 
chemical or structural properties. The only common thread connecting the 
compounds in this group is their method of isolation and similar biogenetic 
origins. In many respects the lipid classification is a catchall for many diverse 
and interesting biological molecules. 

In this chapter we will consider the derivatives of glycerol: fats and oils. 
We will also look at terpenes, the lipid materials possessing an isoprenoid 
structure, as well as the more complex steroids. Finally, we will examine 
some of the chemistry of prostaglandins and pheromones, two kinds of com- 
pounds that are attracting considerable attention because of their remarkable 
biological activity. 


Glycerol Derivatives 


The lipid materials found most abundantly in living organisms are deriv- 
atives of glycerol. Fats and oils are triesters of glycerol, i.e., triacylglycerols 
(often called triglycerides). Phospholipids are mixed esters of glycerol in 
which one of the hydroxy groups of glycerol is esterified with a phosphoric 
acid fragment. Sphingolipids are aminoglycerol derivatives which are closely 
related to the phospholipids. 


. Fats and Oils 


Fats and oils are the most common glycerol lipids. They are triesters of 
long-chain carboxylic acids known as fatty acids. Because they can be formed 
from excess carbohydrates in living organisms, fats and oils function as a 
major storehouse of energy. 

Fats are solid triglycerides, whereas oils are liquids at typical room tem- 
perature. It is common practice to call all viscous organic liquids oils. In this 
section we will consider only the lipid oils of biological origin. 
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The fatty acids of which fats and oils are composed are usually 
nonbranched molecules containing from 14—22 carbon atoms. Interestingly, 
they almost always possess an even number of carbon atoms—a fact that is 
related to their biosynthetic origin (Sec. 23-1B). Both saturated and unsatu- 
rated fatty acids are commonly recovered from the hydrolysis of lipid materi- 
als. Double bonds of the unsaturated acids usually possess the Z (cis) configu- 
ration. Structures of some common fatty acids are compiled in Table 23-1. 


TABLE 23-1 Common Fatty Acids 


CH4(CH;),,CO;H CH4(CH;),,CO;H 
Lauric acid Myristic acid 
(mp 44°С) (mp 58°С) 
CH,(CH,), ,CO,H CH4(CH;),,CO,H 
Palmitic acid Stearic acid 
(mp 63*C) (mp 72*C) 
CH4(CH)s,. Vue ER СНз(СН,), /CH3, COH 
VER, ESON 
H “н H H 
Palmitoleic acid Oleic acid 
(mp 32°C) (mp 16.3°C) 
CH,(CH,), CH, {CH,),CO,H 
с=с „с=с 
H ^н н H 
Linoleic acid 
(mp —5°С) 
CH;CH2 J VETAT CHa, „ДСН: СОН 
н“ ^u "d ^u u^ ^u 


Linolenic acid 
(mp —11.3°C) 


PROBLEM 
23-1 


acids. 


Write the IUPAC names for the fatty acids of Table 23-1. 


Triacylglycerols may be esters of three identical or of two or three differ- 
ent fatty acids. They are often named as glycerol derivatives, e.g., 
trilaurylglycerol, although as with most natural products, a variety of names 
are used. Natural fats and oils are mixtures of glycerol esters in which one or 
two fatty acid components usually predominate (Table 23-2). For example, 
olive oils contain a high percentage of oleic acid and corn oils are composed 
principally of linoleic and oleic acids. These are the common unsaturated oils 
used in food preparation. Butter contains many fatty acids, most of which are 
saturated. Solid fats normally have a higher percentage of saturated fatty 
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TABLE 23-2 Typical Fatty Acid Composition of Fats and Oils 


Average Composition, % 


Fat or Oil Lauric  Myristic Palmitic Stearic  Palmitoleic Oleic Linoleic Linolenic 

Animal 
Butter 2.5 TLA 29.0 9.2 4.6 26.7 3.6 — 
Lard — 1:9 28.3 11.9 2 i 47.5 6 — 
Cod-Liver — 5.8 8.4 0.6 20.0 «29.1 — 
Whale 0.2 9.3 15.6 2.8 14.4 35.2 — — 

Plant 
Cocoa Butter — — 24.4 35.4 — 38.1 2.1 — 
Coconut 45.4 18.0 10.5 2.3 0.4 7:5 — — 
Corn — 1.4 10.2 3.0 1:5 49.6 34.3 — 
Cottonseed — 14 23.4 11 2.0 22.9 47.8 — 
Linseed — — 6.3 2.5. — 19.0 24.1 47.4 
Olive — — 6.9 2.3 — 84.4 4.6 — 
Peanut — — 8.3 3.1 — 56.0 26.0 — 
Soybean 0.2 0.1 9.8 24 0.4 28.9 50.7 6.5 

23-2 


Waxes are esters of long-chain fatty acids and long-chain alcohols. They 
are not composed of glycerol units. Lipid waxes differ in structure from the 
paraffin waxes, which are high-molecular-weight hydrocarbons derived from 
petroleum. 


СН»(СН›)СО:СН»(СН›) СНз 


Myricyl cerotate 
From сатифа wax 


CH;(CH2)14CO2CH2(CH2)28CH3 


Myricyl palmitate 
From beeswax 


Chemical reactions take place at the ester or alkene functional groups of 
triacylglycerols. Complete acid hydrolysis provides the component fatty acids 
plus glycerol. Itis one of the common methods of gross structural elucidation. 
The enzyme lipase hydrolyzes lipids during the digestive process. Saponifica- 
tion, the base-promoted hydrolysis of fats and oils, is the industrially impor- 
tant method for making soap (Sec. 9-2C). 

Unsaturation in fats and oils is usually determined by quantitative 
addition of iodine (usually as ICI) to the double bonds (Sec. 15-3A). Hydro- 
genation of the double bonds of unsaturated oils is the industrial method for 
converting oils to fats. There is considerable controversy concerning the die- 
tary advantages and disadvantages of saturated versus unsaturated fats. 
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PROBLEM 


23-3 


PROBLEM 


23-4 


PROBLEM 


23-5 


Oxidation associated with the double bond has both commercial and 
biological importance. Controlled oxidation of oils is the process through 
which paints harden. However, similar oxidation is a problem in the long- 
term storage of foods, for it is an important pathway of biological degradation 
(Sec. 24-3). 


When oleic acid is heated in the presence of an acid catalyst, configura- 
tional isomerization takes place to produce a mixture in which elaidic 
acid predominates. Suggest a structure for elaidic acid. 


One of the fats which can be isolated from nutmeg gives glycerol and 
myristic acid on complete hydrolysis. Suggest a structure for this fat. 


Identify the structures of the lettered compounds formed during degra- 
dation of oleic acid. 


HCOH, д HOt, в 


Oleic acid 


B. Fatty Acid Biosynthesis 


Recognition that fatty acids almost always possess structures which dif- 
fer by two carbon atoms suggested that a two-carbon fragment might be their 
precursor. We now know that acetate in the form of acetyl CoA (Sec. 9-2D) is 
the starting point for the biosynthesis of fatty acids. However, the process 
does not simply involve a sequential coupling of acetate units. The enzyme- 
mediated reactions have considerable similarity to many of the reactions we 
have considered in earlier chapters. 

An observation of some importance in elucidating the biosynthetic path- 
way was that carbon dioxide is required for fatty acid synthesis. Yet the use of 
isotopically labeled carbon dioxide demonstrated that the СО, carbon atom is 
not incorporated into the final product. In a process that resembles a Claisen 
reaction (Sec. 12-3), the CO; combines with acetyl CoA to produce malonyl 
CoA, the thioester of malonic acid (propanedioic acid). It is the malonyl CoA 
which actually begins the biosynthetic process (Fig. 23-1). 

The buildup of a fatty acid takes place in the presence of a specific syn- 
thetase complex (Fig. 23-2), of which a key molecule is the acyl carrier protein 


FIGURE 23-1 
Biosynthesis of 
fatty acids. 
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O 
| ll 
CH,CSCoA + CO, + ATP —> HO,CCH,CSCoA + ADP 
Acetyl CoA Malonyl CoA 


| | 
HO,CCH,CSCoA + ACP—SH == HO,CCH,CS—ACP 
Malonyl АСР 


] | ү ] 
CH,CSCoA + ACP—SH == CH,CS—ACP =". CH,CS-synthase 


Acetyl ACP Acetyl synthase 


| | 1 
HO,CCH,CS—ACP + CH,CS-synthase — CH4CCH,CS—ACP + CO, 
Acetoacetyl АСР 
OH О 


и + | | 
CH,CCH,CS—ACP + NADH 19“, CH,CHCH,CS—ACP + NAD+ 
B-Hydroxybutyryl АСР 


vitm j 
CH,CHCH,CS—ACP —> CH,CH=CHCS—ACP + H,O 
Crotonyl АСР 
j 7 
CH,CH—CHCS—ACP + NADH £1, CH,CH,CH,CS—ACP + NAD+ 
Butyryl ACP 


- | 
ЕЕ CH,CH,CH,CS-synthase 


Butyryl synthase 


| 
CH,CH,CH,CS—ACP 


| | 
CH,CH,CH,CS-synthase + HO,CCH,CS—ACP —— —> etc. 
Malonyl АСР 


(ACP). This protein has a thiol group that serves the same function as does 
the thiol of coenzyme A. 

The malonyl group is connected to ACP by a thioester interchange, a 
transesterification reaction (Sec. 9-2A). Once that group is bonded to ACP, 
there begins a sequence in which another acetyl group, also attached to a 
sulfur atom of the enzyme complex, is transferred to malonyl with the loss of 
СО». This sequence resembles the acylation followed by decarboxylation 
characteristic of active methylene compounds (Sec. 12-5). The CO; lost is the 
same molecule that was originally added to generate the malonyl group. Thus 
the initial addition of CO; to acetyl CoA is only a catalytic step. 
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FIGURE 23-2 
Fatty acid synthetase and biosynthesis. 


CH4(CH)), 4CO—5—(CoA) 


+ (CoA)—SH 


(CoA)—S—COCH, or 
enzyme—S—CO(CH2),CH3 


(CoA) or 


COs HS rye 


NADH (Sec. 8-4D) is involved in two of the steps of the biosynthetic 
sequence. In one, the ketone carbonyl is reduced to an alcohol which subse- 
quently dehydrates (Sec. 14-5C) to form an a,B-unsaturated carbonyl. In a 
later step NADH reduces a carbon-carbon double bond. The product, a bu- 
tyryl (butanoyl) unit, is the fragment which adds to another malonyl-ACP 
complex as the cycle repeats to form a hexanoyl group, then an octanoyl 
group, and so on. The sequence of six steps required to add a two-carbon 
fragment takes place entirely on the synthetase enzyme. 


PROBLEM Acetogenins are natural products derived biosynthetically from linear 
23-6 polyacetyl chains. Unlike the formation of fatty acids, the chain 
buildup from acetyl coenzyme A does not involve carbonyl reduction. 

This sequence provides a route to a large variety of acetogenins, many 

of which have oxygen-containing groups and some of which are aro- 

matic. It is one of the few sources of aromatic natural products. Provide 

mechanisms for the formation of the acetogenins phloroacetophenone 
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and orsellinic acid from the eight-carbon polyacetyl precursor shown 
below. 


do hon Jos) Ji 
Enzyme -5 CH, CH, сн, сн, 


TAN H 
HO OH HO,C 
ee ? OH 
Ó OH 


Phloroacetophenone Orsellinic acid 


C. Phospholipids 


Lipids which possess a phosphate ester linkage are classified as phos- 
pholipids. The largest group of phospholipids are glycerol derivatives in 
which the terminal hydroxy group is esterified with phosphoric acid and the 
remaining hydroxy groups are combined with fatty acids. These compounds 
are known as phosphoglycerides. The parent structure is a phosphatidic acid. 
(By convention, phospholipids are drawn using Fischer projection formulas 
whose configurations can be related to glyceraldehyde.) 

TCR 
RCO,—C—H 
коон 
он 
An t-phosphatidic acid 


The parent phosphatidic acids are not important constituents of living 
organisms. However, their derivatives in which the phosphate group is fur- 
ther esterified with a polar substituent are found in every cell. The most 
important are lecithins (choline phosphoglycerides) and cephalins (ethanola- 
mine phosphoglycerides). 


CH,—O;CC;; Hs; CH,—O,CCuHas 
CHC CH © й CHCOOH © 
CH,O— P—OCH,CH;N(CHj) CH,O—P—OCH,CH.NH, 
ох. 
A lecithin A cephalin 


Lecithins and cephalins are biological surfactants (Sec. 9-2C), for they 
contain a hydrophilic polar end and a hydrophobic (fatty acid ester) compo- 
nent. These compounds are constituents of cell walls and membranes, where 
they provide an interface between polar and nonpolar regions. 
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The chemical composition of phospholipids is determined by various 
hydrolysis techniques. Mild basic hydrolysis removes one or both of the fatty 
acid groups and the polar alcohol on phosphate. In this way it has been found 
that the fatty acid at carbon 1 is usually saturated and that at carbon 2 is 
unsaturated. The residual glycerol monophosphate is relatively stable under 
these conditions and can be isolated. Specific enzymes have also been em- 
ployed to selectively hydrolyze the ester linkages. 

Sphingolipids are a type of phospholipid which do not contain a glyc- 
erol group but are related in structure and function to the phosphoglycerides. 
The sphingolipid parent structure is sphingosine or one of its analogs, a mole- 
cule in which the glycerol 2-hydroxy group is replaced by amino and one 
terminal atom is connected to a long hydrocarbon chain. 


CH(OH)CH—CH(CHj); CH, 


HN-C-H 
CH,OH 


Sphingosine 


The amino group of a sphingolipid is attached to a fatty acid by an amide 
linkage. Sphingomyelins, the most abundant sphingolipids, are associated 
with nerve tissue. They are phosphate esters of choline or ethanolamine. 
Glycosphingolipids are glycoside derivatives of sphingosines that contain no 
phosphate. Galactose is the glycone associated with glycosphingolipids 
found in the brain. 


HO—CH—CH=CH(CH,),,CH, HO—CH—CH=CH(CH,),.CH, 


C\7Hj;CONH—CH о Cy3Hy7CONH—C—H 


| 
CH,O—P—OCH,CH.N(CH,), сн, 
О_ CH,OH о 


о О, 
он н 


н Он 
A sphingomyelin A galactosphingolipid 


23-2 Terpenes 


The volatile substances which provide plants and flowers with much of 
their fragrance are members of a class of compounds called terpenes. The 
odor in a conifer forest on a hot summer day is partially due to the terpenes 
originating from pine trees. In fact, the name "terpene" is derived from the 
compounds isolated from turpentine, a volatile liquid obtained from pine 
trees. 

Terpenes have been known since antiquity. They were and continue to 
be used as medicinals and fragrances. These water-insoluble hydrocarbons, 
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which are often called essential oils, are obtained as the distillate when plant 
materials are heated. Camphor from the camphor tree and a-pinene from the 
pine tree are among the commercially important monoterpenes. 


Ф ©. 


a-Pinene Camphor 
(Pine tree) (Camphor tree) 


А. The Isoprene Rule 


Early in the twentieth century, Leopold Ruzicka recognized a structural 
unit common to terpenes. He found that the arrangement of the groups of 
five carbon atoms found within each compound could be related to the struc- 
ture of the molecule isoprene. Ruzicka shared the Nobel prize for chemistry in 
1939 for his work on terpenes. 


CH, 
p CH, je 
нс ZA 
Isoprene An isoprene structural unit 


The isoprene units in terpene molecules are usually arranged in a “head- 
to-tail" sequence. Thus the branched end of one isoprene unit is connected to 
the unbranched end of another. 


"Head" 4 "Tail" 


The simplest terpenes, monoterpenes, are Со compounds composed of 
two isoprene units. Sesquiterpenes are С15 compounds and have three iso- 
prene units. Diterpenes, triterpenes, and tetraterpenes possess structures 
which are multiples of the 10-carbon monoterpene skeleton. 


Class Number of Carbon Atoms Number of Isoprene Units 
Monoterpene 10 2 
Sesquiterpene 15 9 
Diterpene 20 4 
Triterpene 30 6 
Tetraterpene 40 8 


The head-to-tail sequence of isoprene structural units is sufficiently con- 
sistent in most terpenes to be used as a basis for structural assignment. This is 
known as the isoprene rule. The simplest example of the isoprene rule is 
provided by polyisoprene, the substance which is natural rubber. In the struc- 
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tural formulas below, the isoprene units are indicated by bold bonds and the 
connecting bond is marked. 


Ocimene Polyisoprene Limonene 
From basil Natural rubber From citrus 


Terpenes may exist as open-chain or cyclic structures or a combination of 
the two. Some terpenes contain only carbon and hydrogen atoms; others also 
contain oxygen. 


Уми Q о 


Myrcene Menthol Citronellal 
From bayberry From oil of peppermint From citronella oil 
a 
О 
Cedrol Umbellulone 


From the cedar tree From the laurel tree 


PROBLEM Mark the bonds connecting the isoprene units in each of the following 
23-7 terpenes: 


a Ds ne ig c 
О 


Geraniol 


Camphor 


23-2 Terpenes 869 


Cadinene 


B. Biosynthesis of Terpenes 


The fact that a terpene structure can be dissected into isoprene units 
suggests that a common precursor must be involved in the formation of these 
natural products. That has indeed been found to be true. The actual biosyn- 
thetic precursor is not isoprene itself, but structurally related 3-isopentenyl 
pyrophosphate. 


сн, QH он 
JC—CH,CH,OP—O—P—OH 
e b T 
2 Qt 0 


3-Isopentenyl pyrophosphate 


The biosynthesis of terpenes has been studied using compounds isotop- 
ically labeled with carbon 14. A plant is fed with an appropriately labeled 
precursor molecule. After a suitable period of growth, the compounds of 
interest which have been synthesized by the plant are isolated. Various de- 
gradative and analytical techniques are used to locate the ^C label in those 
terpenes. 

Acetic acid in which the methyl group is labeled with '^C has been used 
in this type of experiment. The 3-isopentenyl pyrophosphate that is isolated 
has three labeled carbon atoms. This suggests that three acetate groups de- 
rived from the acetic acid combine and that one carbon atom originally from a 
carboxy group is lost. Other experiments have shown that the sixth carbon 
departs as СО». 

“CH, 
3*CH;CO,H —> — /C—'CH;CH;OP,O4H, + CO, 
*CH, 


Acetate is the precursor unit for terpene biosynthesis, as it is for fatty 
acid biosynthesis (Sec. 23-1B). Each of the steps leading to the terpene precur- 
sor, 3-isopentenyl pyrophosphate, is catalyzed and controlled by specific en- 
zymes in the actual biosynthetic process. We can again, however, relate the 
chemistry to reactions which we have studied previously. 
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Two molecules of acetate, present as coenzyme A thioesters (Sec. 9-2D), 
combine by a Claisen-like reaction (Sec. 12-3) to give a C-4 fragment. A third 
acetyl coenzyme A molecule then adds in an aldol-like (Sec. 12-2) process to 
produce the branched six-carbon skeleton related to mevalonic acid. Here the 
buildup of acetate units leads to a branched structure, whereas the combina- 
tion of acetate units in fatty acid biosynthesis provides linear products. 
Reduction of one carboxy group by dihydronicotinamide adenine dinucleo- 
tide (NADH; Sec. 8-4C) and hydrolysis of the other thioester group produce 
mevalonic acid. 

Figure 23-3 illustrates the buildup of the C-6 unit from labeled acetate. 
We see that the Claisen- and aldol-like constructions leave the mevalonic acid 
carboxy group unlabeled. That is clearly the carbon atom which is lost to form 
the isoprenoid unit. Mevalonic acid is phosphorylated (Sec. 9-8B) by adeno- 
sine triphosphate (ATP) and then decarboxylated to produce the 3-isopente- 
nyl pyrophosphate. 


FIGURE 23-3 
The biosynthesis of 3-isopentenyl pyrophosphate (°С is the carbon label !*С). 


О 
| Pe i 0 | 

2" CH, SCoA — o 'CH,C-'CH,CSCoA — (Claisen) 

Acetyl CoA Acetoacetyl CoA 


оо о OH 
cae eu ‘oad seu 
CH,CCH,CSCoA +"CH,CSCoA —À ^ "CH4C-/CH,CSCoA — (Aldol) 


"CHSCoA 
Ó 
B-Hydroxyl-B-methylglutaryl CoA 
оно OH 
» | | l ++ i 4 
CH,;C—CH,CSCoA + NADH —— > "CH,C—CH;CO + NAD+ (Hydride reduction 
* H,CSCoA *CH,CH,OH and hydrolysis) 
| Mevalonic acid 
он OPO,H, 
*CH,;C—CH,CO,H + 3 ATP —> *CH,C—CH,CO,H +3ADP (Phosphorylation) 
*CH,CH,OH *CH,CH,OP,O,H, 
3-Phospho-5-pyrophosphomevalonic acid 
ОРО;Н, 
"CH,C-CH,COH > “CH,C=CH, + СО,  (Decarboxylation) 
"CH,CH,OP,O,H; *CH,CH,OP,O,H, 


3-Isopentenyl pyrophosphate 
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PROBLEM During the formation of 3-isopentenyl pyrophosphate: 


23-8 a What is the role of the phosphorylation? 


b Why might the decarboxylation step be considered analogous to the 
laboratory decarboxylation of f-keto acids or gem-diacids? 


c Suggest a mechanism for the decarboxylation step. 


The proposed biosynthetic pathway outlined in Fig. 23-3 accounts for 
preparation of the requisite isoprene unit. But how are the actual carbon 
skeletons of monoterpenes, sesquiterpenes, diterpenes, etc., formed? It 
seems clear that the dimerization of isoprenoid groups must lead to the struc- 
ture of monoterpenes. 

Dimerization is promoted by isomerization of the double bond in some 
molecules of the 3-isopentenyl pyrophosphate from the 3 to the 2 position. 
2-Isopentenyl pyrophosphate is an allylic phosphate and is thus more reactive 
toward nucleophiles than its precursor (Sec. 10-3C). Nucleophilic substitution 
by the pi electrons of 3-isopentenyl pyrophosphate at the terminal carbon 
atom of 2-isopentenyl pyrophosphate forms geranyl pyrophosphate, the pre- 
cursor of geraniol and all other monoterpenes (Fig. 23-4). 


FIGURE 23-4 
The biosynthesis of geranyl pyrophosphate and geraniol (°C is the carbon 


label !4C). 
'CH,C—CH, == 'CHQC-CH, (Isomerization) 
*“CH,CH,OP,0,H, *CHCH,OP,O,H, 
3-Isopentenyl pyrophosphate 2-Isopentenyl pyrophosphate 
сы. PD 
C—CHCH,; n CHy- C«CHCH,OFOdHS — 
CH, — GÓpOH H 
du S-Isopentenyl pyrophosphate А 
CHa, 


* 


2-Isopentenyl pyrophosphate CH; 


1 onmi 
JC-CHCH;7CH,C-'CHCH,OP,O;H, ^ (Substitution) 
"CH; 


Geranyl pyrophosphate 


си is х 

= снсн, сн,с=Снсн,ор,О;н, SHOE 

“CH; 
FO Sai ER 

y „= CHCH;—CH,C—CHCH,OH (Hydrolysis) 

CH; 


Geraniol 
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The Сл sesquiterpenes and Cz diterpenes are formed by the sequential 
addition of one or two isopentenyl groups to geranyl pyrophosphate. 


T a Ca rcr кзг V 


Geranyl pyrophosphate 3-Isopentenyl pyrophosphate 


EN ES 
EAR ENG S Кошун, H0, 


Farnesyl pyrophosphate 


SX 
qim b OH 
Farnesol 
(A sesquiterpene) 
x ^w ident 
Jue S Р е gioi 47 OP,0,H, #0, 
Farnesyl pyrophosphate 3-Isopentenyl pyrophosphate 
WN SX SX 
T OH 
Geranylgeraniol 
(А diterpene) 


Interestingly, triterpenes and tetraterpenes are not formed by a continu- 
ing buildup of five-carbon units in a head-to-tail sequence. Instead, two 
sesquiterpenes or diterpenes combine in a tail-to-tail manner. The triterpene 
squalene arises from the dimerization of two molecules of farnesyl pyrophos- 
phate. We will see that squalene is the precursor of the very important class of 
compounds known as steroids (Sec. 23-3). 


Г 
y) E etos + H,O,P,0 pi 
Farnesyl pyrophosphate Farnesyl pyrophosphate 


PROBLEM 


23-9 
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Show how nerol might be converted to a mixture of limonene, 
a-terpineol, and a-pinene in the laboratory. 


с=с 


Nerol Limonene a-Terpineol a-Pinene 


C. Carotenoids—Vitamin A 


B-Carotene is the most abundant of a group of tetraterpenes known as 
carotenoids which are found in plants. Because carotenoids are high conju- 
gated polyalkenes, they absorb light in the visible region of the spectrum 
(Appendix) and contribute to the colors of many plants. B-Carotene is а 
yellow-orange pigment found in carrots. Lycopene, the acyclic isomer of 
B-carotene, imparts the red color to tomatoes. 


NNN oA WA u^ МО МҮМ 


B-Carotene 


Bote 


Lycopene 


A very important aspect of the chemistry of carotenoids is their relation 
to vitamin A. Vitamin A plays an important role in vision and in the integrity 
of the surface tissues of the body (epithelial tissues). 


>< a 


Vitamin A 


Vitamin A is an alcohol composed of just one-half of the В-саго{епе 
molecule. Cleavage of В-саго{епе by an enzymatic process can produce vita- 
min À in animal tissues. Compounds which are the precursors of vitamins are 
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known as provitamins. Thus f-carotene is a provitamin A. Vitamin A is a 
fat-soluble vitamin which can be obtained from certain fish livers (i.e., cod 
liver oil and shark liver oil) and is also synthesized commercially from 
B-ionone (Sec. 20-4D). 

The role of vitamin A in vision has been extensively studied. Vitamin A, 
also named retinol, is oxidized to the aldehyde retinal. The double bond at 
the 11 position of retinal (numbered by convention beginning with the cyclo- 
hexene ring) can exist in a Z (cis) or E (trans) configuration. 


Su 


CHO 
Retinal 


The Z-11-retinal (cis) combines with the protein opsin to form rhodop- 
sin, a red pigment found in the retina. The chemical linkage is between the 
aldehyde group of retinal and an amino group of opsin. An imine bond is 
involved. 


R—CHO + H,N—R’ —> R—CH=N—R’ 


When light strikes a molecule of rhodopsin (Chap. 27), the double bond 
at the 11 position isomerizes from Z to the more stable E configuration. How- 
ever, the spatial interaction between E-11-retinal and opsin is unfavorable. 
The rhodopsin molecule dissociates into opsin and E-11-retinal (trans). That 
dissociation interrupts a nerve impulse and we perceive light. An enzyme 
then promotes isomerization of E-11-retinal back to the Z-isomer. Rhodopsin 
re-forms, and the visual cycle is complete. 


Rhodopsin 
Opsin Light 
Z-li-retina| e— Emme — E-11-retinal 4- Opsin} aie to 
rain 


Another class of vitamins with the terpenoid structure are the tocopher- 
ols found in vegetable oils. Each tocopherol consists of a saturated diterpene 
side chain on an aromatic group. Vitamin E (a-tocopherol) is an important 
member of this family of compounds. 


HO. 


Vitamin E 

The function of vitamin E in humans is still not clear. There has been 

speculation that vitamin E may inhibit aging by protecting the unsaturated 

components of tissues from oxidation. It would therefore function as an anti- 
oxidant (Sec. 24-3D). 
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23-3 Steroids 


Steroids are among the most important natural products. They are 
widely distributed in animals and plants and have been extensively studied 
since the isolation of cholesterol early in the nineteenth century. Some of the 
most prominent biologically active compounds are steroids. Among them are 
the steroid alcohols (sterols), bile acids, sex hormones, hormones of the adre- 
nal cortex, and cardiac aglycones. 


. Structural Characteristics 


The common structural feature of all steroids is a tetracyclic ring system. 
The four rings are designated by the letters A, B, C, and D. 


Cholesterol (Fig. 23-5) is the most abundant steroid. It is found in almost 
all tissues of animals, particularly in the brain and spinal column and in the 
form of gallstones which may develop in the gall bladder. An average adult 
human contains about 250 g of cholesterol. Cholesterol is seldom found in 
plants, although closely related sterols such as stigmasterol are important 
plant components. 


FIGURE 23-5 
Structural repre- 
sentations for 
Cholesterol. 


HO. 
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Many aspects of the composition of cholesterol and the common steroid 
structure were determined during the nineteenth and early twentieth centu- 
ries. Heinrich Wieland and Adolf Windaus recognized the structural relations 
between cholesterol and the bile acids and were awarded Nobel prizes for 
chemistry in 1927 and 1928, respectively, for their contributions to steroid 
chemistry. X-ray data reported in 1932 made it possible to deduce the correct 
characteristic structure of steroids. The structure of cholesterol was confirmed 
in 1955 by Woodward's elegant total synthesis. 

Cholesterol has eight chiral centers, and thus it is one of 256 (25) possible 
stereoisomers. When the 5-6 double bond (often designated as А?) is reduced 
to form cholestanol, the steroid skeleton becomes a collection of rigid chair 
cyclohexane rings. All ring fusions in cholestanol are trans. 


H,/Ni 
Cholesterol ——— HO 
Cholestanol 


The other interesting dihydrocholesterol derivative is coprostanol, 
which possesses a cis A-B ring fusion. (Recall decalin, Sec. 6-4A.) Because of 
their multitude of possible spatial orientations, steroids and their derivatives 
have played a major role in the development of conformational analysis (Sec. 
4-3). 


HO 
Coprostanol 


Most steroids have the same absolute configuration as cholesterol has. 
The methyl substituents at positions 10 and 13 are often called angular methyl 
groups. They are a reference point for stereochemical designations. Substitu- 
ents that are on the same side as the angular methyl groups, i.e., above the 
plane of the steroid structure, are designated as В. Those below the steroid 
plane are a. Both the hydroxy group at position 3 and the side chain at 17 are 
В substituents in cholesterol and coprostanol. 
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PROBLEM How many stereoisomers of the cholestanol and coprostanol structures 
23-10 are possible? Mark each chiral atom in cholestanol. 


PROBLEM Epicoprostanol, the 3a-hydroxy epimer of coprostanol, is the more 
23-11 stable stereoisomer of this pair of steroids. By contrast, 3-cholestanol 


is more favorable than its 3a epimer, epicholestanol. Explain the rela- 
tive thermodynamic stabilities of each of these epimer pairs. 


One method used to establish the relative configuration of the 
3-hydroxy group of cholesterol and related steroids involved careful oxidative 
cleavage at the 6-7 bond of ring B. If the 3-hydroxy were В, then a y-lactone 
should form between that group and the cis-carboxy group formed at position 
5. This was indeed observed and confirmed by an independent synthesis 
approach. Furthermore, when the isomer in which hydroxy and carboxy are 
trans was prepared, no lactone could be formed. 


HO CO,H 
ring C 
Cholesterol Seul HO. CO;H 
ring C 
О 
г 
о сн 
Ас;О 
— 
ring C 


PROBLEM A trans configuration at the C-D ring junction of cholesterol and related 
23-12 steroids was confirmed by oxidative cleavage of the C ring to produce a 
3-alkyl-2-methylcyclopentane-1,2-dicarboxylic acid A. With vigorous 

heating, this diacid could be slowly converted to an anhydride B. The 


anhydride was hydrolyzed to a diacid C that is epimeric to the diacid A. 
Diacid C readily formed anhydride B with only mild heating. Trace the 
reactions and indicate how the sequence confirms the trans C-D ring 


fusion. 
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B. Synthesis and Biosynthesis 


PROBLEM 


23-13 


In Sec. 23-2В we learned that the triterpene squalene is formed biosyn- 
thetically from smaller terpenoids which initially arise from acetate units. 
Squalene is the precursor for steroid biosynthesis. In a remarkable sequence 
of enzyme-mediated concerted bond formations and migrations, squalene- 
2,3-epoxide forms lanosterol. Ring closure is favored by the ability of squa- 
lene to adopt a conformation in which the stereoelectronic preference for anti 
bond formation between carbon-carbon double bonds is accomplished. En- 
zymatic conversion of lanosterol to cholesterol requires the removal of three 
methyl groups and alteration of the double bonds (Fig. 23-6). 


The biosynthetic pathway depicted in Fig. 23-6 was confirmed by feed- 
ing animals ‘4C-labeled acetate (or squalene). Trace the sequence and 


show the positions of the '*C labels when the precursor is *CH4CO;H. 
(See also Figs. 23-3 and 23-4.) 


Steroid synthesis has provided a very fruitful area for the development 
of synthesis methods. Rings must be constructed, functional groups intro- 
duced, and proper configurations attained. In some cases laboratory synthe- 
sis has been accomplished by processes which resemble the biosynthetic 
pathway. For example, a cyclic acetal analog of squalene was the precursor for 
a steroid-like skeleton containing 4 six-membered rings. The Lewis acid cata- 
lyst, stannic chloride, initiated cyclization. Stereoelectronic restraints during 
ring formation resulted in formation of only 2 of 128 possible stereoisomers. 


SnCl,/pentane 
———À 


по УО 

А large number of steroid syntheses have involved the buildup of ring 
components one at a time. Diels-Alder cycloaddition (Sec. 16-3A) and Robin- 
son annelation (Sec. 16-2B) are among the most useful methods for carrying 
out the syntheses. Construction of the steroid ring system during the total 
synthesis of cortisone (Fig. 23-7) is illustrative. 

p-Benzoquinone provided the C ring and a Diels-Alder reaction between 
the quinone and 3-epoxy-1,3-pentadiene generated the B ring. Selective 
Raney nickel hydrogenation of one double bond followed by hydride reduc- 
tion of the carbonyl groups and hydrolysis of the enol ether led to a new 
ketone from which Robinson annelation gave the A ring. The carbonyl group 
of the newly formed A ring was protected as a Cyclic ketal, and then mild 
oxidation converted one hydroxy group to a new carbonyl. The two-step se- 


FIGURE 23-6 
The biosynthesis of cholesterol from squalene. 
CH; 


5. 
qualene Cyclization 
H+ 
Squalene-2,3-epoxide 
Rearrangement 
-H+ 
Many steps 
Lanosterol 
CH; 
H 
H; CH; 
CH; CH, 


HO 
Cholesterol 


FIGURE 23-7 pow of cortisone. 


нл 
2) нАНИЕЬО 
C,H » 2) Auot. >” 
C,H,O C;H,O 
HO. 
M Teton Bt 2) НО, 77 OH/TS0H , НО ~~ OH/TsOH 
2) 72 (-PrO,AI/CH,COCH, ^ 


HO. HO. 
0 O 2 t-BuOK/CHjI 


— ee 


P Фо 2) NR ae 


2) NaOMe/MeO,CCO,Me 
3) H,O/OH- 

1) Resolution 1) HCN/Et,N 

2) I, NaOMe 2 1,/pyridi 

EIE ) POCI,/pyridine 


К = Ac, cortisone acetate 
R — H, cortisone 


* 


Triton B is a common name for the synthetically useful base N,N,N-trimethylbenzylammonium hydroxide. 


PROBLEM 


23-14 
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quence was accompanied by isomerization of the 4-5 double bond and epi- 
merization at C-8 to give the required B-C trans ring junction. This compound 
was an important intermediate in the synthesis of cortical hormones, and it 
has also been used in the preparation of other steroids. 

The D ring was added by using a sequence of reactions which were 
highly stereoselective and did not disturb the acid-sensitive ketal-protecting 
group. Successive alkylation at C-13 provided the angular methyl group and 
components for the ultimate side-chain substituent on ring D. Grignard addi- 
tion at C-14, along with a series of oxidation and reduction steps, provided a 
ketoaldehyde which, through an intramolecular aldol reaction, closed the D 
ring. 

Selective reduction of the 16-17 double bond and then Claisen conden- 
sation with dimethyl oxalate followed by hydrolysis gave a carboxylate group 
which was used as a "handle" for resolution of stereoisomers using strych- 
nine. Regeneration of the requisite stereoisomer as a ketoacetate, followed by 
HCN addition and dehydration, gave an unsaturated nitrile which was selec- 
tively hydroxylated. Final hydrolysis removed the cyano and ketal-protecting 
groups to give cortisone acetate and ultimately cortisone. 


One of the total syntheses of progesterone is outlined below. The se- 
quence illustrates a method which closes the rings of a steroid structure 
in a single step as a mimic of biosynthetic processes. Fill in structures 
for the missing intermediates or reagents where indicated by letters. 


ED { 
сн, (сн, ACH) OH Es CH,C(CH,),€(CH,),Br в 


T 


N / nc 
CH,—C—CH,CH,—C(CH,),Br 


> 
2) C,H, Li/THF 


6 ò bo 
\/ Aon fester 
CH,;—C—CH,CH,—C(CH,),;CH—P(C,H,), 


Intermediate I 


CH, CH, 


cu,—¢—cHO +D арны CH,—C—CH(CH,),C=CCH, 
3 
H 


Several steps 
— 


CH, 
£10,C(CH,),C—CH(CH,),C=CCH, oe pues pyridine. 
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OHC(CH,),C—CH(CH,),C=CCH, 
Intermediate II 


E NaOH/EtOH-H,O 
т + p 222, р НО/МеОн-н,0 а 4 


о 
i 
G ә quo 5% F,CCO,H/CH,Cl, 
ОН 


о 
+ PA 
HO К nH 
2) Zn/HOAc 


zo 


C. Steroid Hormones 


Steroids mediate a number of bodily functions. Most steroid hormones 
are highly specialized in their biological functions and do not lead to general 
metabolic effects. Cholesterol is synthesized by animals and is the precursor 
of many other important steroids. Humans often produce more cholesterol 
than is needed. The excess may be excreted, or it may be collected in the body 
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as troublesome gallstones or as deposits in the arteries which cause athero- 
sclerosis. 

Bile is a mixture of cholesterol-derived steroid amides. It is an emulsify- 
ing agent which, in the form of sodium salts, aids in the absorption of fats and 
other lipids during digestion. It is produced in the liver from bile acids and 
the amino acids glycine and taurine (HNCH2CH2SO3H). A relation between 
cholesterol and the bile acids was an important observation during the early 
structural elucidation of those steroids. Cholic and deoxycholic acids, the 
most abundant bile acids, possess a cis-fused A-B ring junction. Their amide 
derivatives with glycine are glycocholic and deoxyglycocholic acids, respec- 


tively. 

QH 
CO,H CONHCH,CO,H 
H,NCH,CO,H 
Cal % ud 
HO H R HO H R 
Cholic acid (К = OH) Glycocholic acid 
(Deoxycholic acid) (R = H) (Deoxyglycocholic acid) 


PROBLEM a Account for the observation that acetylation of the C-3 hydroxy group 
23-15 of cholic acid is more rapid than that of the C-7 and C-12 hydroxy 


groups. 


b Elimination of water from cholic acid produces a 6-7 double bond 
which can be oxidatively cleaved to a diacid. Will the C-5 carboxylic 
acid obtained in this way readily form a y-lactone with the C-3 hy- 


droxy group? 


Sex hormones are generated by the gonads (ovaries and testes) and sub- 
sequently liberated into the bloodstream in minute amounts. These steroid 
hormones are responsible for the development of secondary sexual character- 
istics in mammals. Estrogens are the female hormones and androgens the 
male hormones. Both are produced, along with the adrenal corticosteroids 
(ACTH), from cholesterol (Fig. 23-8). It is interesting that estradiol, the princi- 
pal female sex hormone, is derived from testosterone, the major male sex 
hormone. 

Progesterone, another sex hormone, suppresses ovulation in the female 
and therefore inhibits conception. Recognition of that function has had a sig- 
nificant impact on world population control through the production of contra- 


Progesterone 
|» steps | Many steps 
OH 
Hi 
Estradiol Corticosterone 


ceptive agents, Because ges fp is not suited to oral ingestion by hu- 
mans, 2 qe analogs and some estrogen derivatives are actually 


a n T 


PROBLEM 
23-16 


23-4 


a steroid glycoside obtained from the seeds of digitalis, is the 
most important of the cardiac glycosides. In small doses (= 0.1 mg/day) it is 
an effective treatment for congestive heart failure. In larger amounts it is 
extremely toxic and has been used as an arrow poison by South American 
natives. Digitogenin is the steroid aglycone that is connected to the polysac- 


charide in digitonin. 


^ 


Xylose(galactose);(glucose); 


Prostaglandins 


Prostaglandins are a group of hormone-like substances first found in the 
lipid components of seminal fluids. The name derived from the mistaken 
eco tor жүл i в Pn ng өндү И is now known that 
prostaglandins are and, а y, prod in almost all parts of 
male and female animals. 

The discovery of prostaglandins originated in the observation that lipid 
extracts from seminal fluids have a remarkable effect on uterine tissue. The 


Bengt Samuelsson, 
medicine in 1983 for their work on prostaglandins. 
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Prostaglandins, though produced by the body in minute amounts, have 
been associated with an amazing number of physiological actions. In addition 
to their role in animal reproduction, prostaglandins affect the blood pressure: 
some increase and others lower it. A great deal of interest is currently focused 
on the involvement of prostaglandins in tissue inflammation and associated 
pain as well as their role in increasing body temperature (fever). A current 
theory is that aspirin (acetylsalicylic acid), the most widely used fever-reduc- 
ing and anti-inflammatory drug, may inhibit prostaglandin formation. 


. Structural Characteristics 


The parent structure of all prostaglandins is the Co; compound pros- 
tanoic acid. 


CO,H 


Е 
Prostanoic acid 


Prostaglandins are actually unsaturated prostanoic acids which are often clas- 
sified as fatty acid derivatives. The primary site of prostaglandin synthesis 
appears to be at the cell membrane, where phospholipids provide the requi- 
site fatty acid precursors. Linolenic acid is now believed to be necessary for 
prostaglandin formation. It is one of the few essential fatty acids, fatty acids 
required in the diet because they are not produced in the body. Arachidonic 
acid derived from linolenic acid is the precursor of an important group of 
prostaglandins. 

Figure 23-9 illustrates the structural relation between fatty acids and the 
E and F prostaglandins. The E prostaglandins (designated PGE) have 
hydroxycyclopentanone structures, and the F prostaglandins (designated 
PGF) are cyclopentadiols. The subscript designates the number of double 
bonds, and an a or f indicates stereochemistry. 


. Synthesis and Biosynthesis 


Biosynthesis of prostaglandins is accomplished through enzymatic oxi- 
dation of the precursor fatty acid by oxygenase enzymes. When reaction is 
carried out in an aqueous medium under an atmosphere of labeled oxygen, all 
three oxygen atoms in the product are labeled. A biosynthetic reaction mecha- 
nism involving free-radical intermediates (Chap. 24) has been postulated (Fig. 
23-10). Both the oxidized and reduced cyclopentane rings are obtained by the 
same general pathway. 

A severe limitation on the study of prostaglandins has been the very 
small amounts of the needed materials available from animals. Rather inge- 
nious microanalytical methods were used to obtain early structural informa- 
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FIGURE 23-9 


Some prosta- 
glandins and 
their biogenetic 


precursors. 


LIIS СОН 
PGE, 
nig 2 P 
—— HO і 
OH ÓH 
= mT HO, 
8,11,14-Eicosatrienoic acid 4 Шо Ш_ он 
Об ИҢ 
P: P 
H 
OH 


5,8,11,14-Eicosatetraenoic acid 
(Arachidonic acid) 


5,8,11,14,17-Eicosapentaenoic acid hy a CO,H 
S е 


PROBLEM Sodium borohydride reduction of РСЕ; gave PGF,, and a material not 


23-17 


obtained from biological sources, PGFig. Suggest a structure for 
PGF;g. 


tion. Independent synthesis was the final step for confirming structural as- 
signments and configurational designation. Recently, certain kinds of ocean 
coral have been found to contain as much as 1.5% prostaglandin A, a valuable 
precursor for preparation of other desired structures. 
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FIGURE 23-10 
Biosynthesis of 
prostaglandins. 


COH 
2 


2 


ОН 
Prostaglandin А (РСА) 


Many elegant total syntheses of prostaglandins were reported in the 
1970s. As is true of many natural product preparations, stereochemical strate- 
gies are often critical in reaching the desired product. In most examples an 
optical resolution is required as part of the synthesis scheme. One synthesis of 
РСЕ; made use of the optically active carbohydrate p-glyceraldehyde as its 
isopropylidene derivative (Sec. 21-1F) to provide and control chirality during 
the synthesis (Fig. 23-11). 

The sequence began with addition of the lithium salt of methyl oleate to 
the isopropylidene derivative A. Methyl oleate is a readily available long- 
chain compound in which the double bond is at the proper position for subse- 
quent oxidation to the carboxylate group of the final product. The newly 
formed hydroxy group of B was protected as in C, an acetal of formaldehyde. 
This derivative is sufficiently stable to survive the acidic conditions in some of 
the subsequent steps. 

Dilute acid hydrolyzed the isopropylidene ketal and ester groups and 
led to the y-lactone D. Formation of the tosylate derivative E followed by 
reduction gave a cyclic hemiacetal Е. Мое that the hindered 


ee ee ee ee ee 
CO,H 
EEE оа pn + 
5,8,11,14-Eicosatetraenoic acid 


(Arachidonic acid) C 0—0: 
== ОН 
A 
OH OH 
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diisobutylaluminum hydride selectively reduces the lactone group while the 
tosylate remains unchanged. In the presence of HCN the hemiacetal was 
opened to give a cyanohydrin derivative G. This cyanohydrin functions to 
activate the original carbonyl carbon as a potential nucleophile while allowing 
it to ultimately be regenerated in the final product. 


FIGURE 23-11 О CH,O,C dy 
A total synthesis (oci cy LN TS DS DSTI 


ТНЕ/НМРТ; —78*C 


of PGE,. Bia; 


CgHy7-n CICH,OCH,/GPr), NH 
CICH,OCH,/GPr)NH | 


C,H,;-" H,O/H,SO,/THF 


СзНил-п_ тзСИрунате 
———À 


CgHy7-n (Bu) AIH/toluene 


СН, ;- 
sHirm HCN/EOH , 


890 Lipids 


FIGURE 23-11 Н. CN 
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K 
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cm PGE, 


Cyclization to the cyclopentane ring was accomplished by first protect- 
ing the two hydroxy groups as acetals of acetaldehyde in compound H and 
then treating the derivative with the base sodium hexamethyldisilazane. The 


PROBLEM 


23-18 


PROBLEM 


23-19 
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cyano group enhances the acidity of the adjacent hydrogen, so that a carban- 
ion forms and displaces tosylate to give I. 

Oxidation of the double bond followed by hydrolysis and esterification 
gave the cyanohydrin ester J. Dilute base removed the HCN and resulted in 
an elimination at the methoxymethyl ether linkage (the formaldehyde acetal- 
protecting group). The ring of a prostaglandin E was attained with proper 
absolute configuration and with the requisite side chain adjacent to the car- 
bonyl group of K. 

Addition of the second side chain to the ring proceeded in a stereospe- 
cific manner. Asymmetric induction by the original glyceraldehyde chiral cen- 
ter controlled the configuration of the adduct. The hydroxy group of K was 
protected as a tetrahydropyranyl ether, and then an organocopper reagent 
was added by a conjugate addition to the ketone carbonyl. Hydrolysis of the 
protecting groups led to a product with the Z configuration at the double 
bond. Another sequence accomplished isomerization of L to the configuration 
of PGE;, and the total synthesis was complete. 


The first synthesis of the prostaglandin carbon skeleton was carried out 
by Samuelson and Stollberg in 1963 starting with A and B and resulting 
in the prostaglandin analog C. Suggest a synthesis sequence for this 
transformation. 


Many steps 
н зне 


о 
(CH,),CO,H 


(CH,),CH, 
c 


О (0) 
| 
CH,0,CCH,C(CH,),CO,CH, a BCH, C(CH,),CH, 
A B 


Corey and his coworkers have accomplished the synthesis of all natu- 
rally occurring prostaglandins. In their syntheses of PGE; and PGF3, 
below, provide the missing intermediates or reagents where indicated 


by a letter. 


с 
m Ti + ABE, (С) носин, askoa, 
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C,H,CH, 
f. Several steps 
——— 
COCI 
cl 
C,H,CH,O 
/ m-CICH,CO,H 
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1) K,CO,/MeOH 


E 2) F 


1 
or Z T (i-Bu), AIH/Toluene 


c 


AcOH/H,O 


1) CrO, 
2) AcOH/H,O 
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23-5 


Pheromones 


A. pheromone is a compound which, when secreted by an organism, 
elicits a specific response in another member of the same species; that is, the 
pheromones are substances whose function is intraspecies communication. 
There is evidence that all animals utilize pheromones in this way to some 
extent. Most interest has been directed toward the materials secreted by in- 
sects and toward the sex-attractant pheromones in particular. 

The potency of many insect sex attractants is among the most spectacu- 
lar examples of biological activity. The pheromone secreted by a female gypsy 
moth can attract males of the species over a distance of one-half mile. Further- 
more, only about 1 х 107° р of this attractant is required to evoke such a 
response. For some insects as little as 30 molecules of pheromone is sufficient 
to attract another member of the species! 

Pheromones are involved in many insect actions. Certain pheromones 
communicate alarm and danger; others are used to mark a trail to food. The 
possibility that synthetically produced pheromones can provide a method for 
attraction and control of insect pests has very important implications for the 
world's agricultural production. 


Structure and Origin 


The task of studying pheromones is complicated by the fact that only a 
minute quantity of material is available from each insect. One of the first sex 
attractants to be identified was that of the silkworm moth. One-half million 
virgin female moths were utilized to obtain about 20 mg of the active sub- 
Stance, which was identified as E-10-Z-12-hexadecadien-1-ol, commonly 
called bombykol. 


Be 
N 
с=с 
CH,CH,CH,^ 2 ig 
H (CH,),;CH,OH 


Silkworm moth sex attractant 
Bombykol 


Confirmation that a particular chemical structure is biologically active 
depends on a final test using the live insect, In a few cases structural assign- 
ments have been in error because the insect response was actually due to a 
trace impurity in the isolated or synthesized material. There is also evidence 
that certain insects respond to a mixture of compounds but are not affected by 
the separate materials. This type of mutual enhancement of effectiveness is 
called a synergistic effect. The structures of some insect sex-attractant phero- 
mones are shown in Fig. 23-12. 

It should not be surprising to find that similar kinds of insects employ 
pheromones with similar chemical structures. A number of agricultural insect 
pests generally known as corn borers respond to a sex attractant which has 
been identified as 11-tetradecenyl acetate. However, each particular species of 
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FIGURE 23-12 


Some insect sex- p. ANS 
attractant phero- (CH3,CH(CH;),CH——CH(CH;),CHs 


mones. Gypsy moth 
Disparlure 
(2-Methyl-7,8-epoxyoctadecane) 
CH(CH), ^ (CH)sCH; 
J 
HOH 
Housefly 
Muscalure 


(Z-9-Tricosene) 


(CH,CH,CH,),C=CH(CH,),. Н 
ЖОК 
H (CHj),O,CCH, 


Pink bollworm moth 


Propylure 
(10-Propyl-E-5,9-tridecadienyl acetate) 
CHO  OHC 
OH 
OH 
ae d + 
Boll weevil 
Grandlure 


this group responds to a different mixture of the E and Z isomers (Fig. 23-13). 
This seems reasonable, for species reproduction is quite specific. 

Though the biosynthetic origin of pheromones is not understood at this 
time, there seems to be a structural similarity between plant terpenes (Sec. 
23-2) and insect attractants. Many insect pheromones are, or closely resemble, 
terpenes. For example, the excrement of male pine bark beetles contains three 


FIGURE 23-13 
Species ѕресійс- 
ity in response to 
stereoisomer 
mixture. 


Response 


European corn borer 


Red-banded leaf roller 
New York corn borer 


Towa corn borer 


3 9 50 97 
Percent E stereoisomer in 11-tetradecenyl acetate 
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terpenes which attract both the male and female insects to their source of 
food. 


OH H OH 
Pine bark beetle attractants 


Geraniol and citral attract bees to the nectar of flowers, yet bees also 
provide the method of pollination and reproduction of flowering plants. 
Might the similarities in structure between compounds found in plant and 
insect species be a result of some evolutionary sequence? 

Some compounds secreted by plants repel insects and thereby function 
to protect the plants. Nicotine (Prob. 14-69), a component of tobacco plants, is 
a potent insecticide. Before synthetic insecticides were introduced, nicotine 
was used extensively to protect ornamental plants from aphids and other 
similar pests. 

Queen bee substance, one of the many materials secreted by the honey 
bee queen, is E-9-oxo-2-decenoic acid. This compound functions as both a 
pheromone and a hormone. It is the substance which attracts worker bees to 
the queen during swarming. In the bee hive, worker bees ingest the material 
and development of their ovaries is inhibited so that only the queen can lay 


eggs. 


|| 
CH;C(CHa) Н 
с=с 
Ja 
H CO,H 


Queen bee substance 
(E-9-Oxo-2-decenoic acid) 


Juvenile hormones are structurally similar to some of the pheromones, 
but they do not appear to be involved in intraspecies communication. They 
are, however, critical to the advancement of an insect through its four devel- 
opmental stages: egg, larva, pupa, adult. Juvenile hormone is present during 
the larva-pupa stage but must be absent if an adult is to develop. The sesqui- 
terpene farnesol (Sec. 23-2B) has some weak juvenile hormone activity. The 
first juvenile hormone to be characterized was obtained from the cecropia 
moth and was shown to have a structural relation to farnesol. 


О АЦ К сосен, 


Cecropia moth juvenile hormone 
(Methyl 7-ethyl-3,11-dimethyl-10,11-epoxy-E-2-E-6-tridecadienoate) 
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B. Synthesis 


Structures of many insect pheromones are relatively simple linear unsat- 
urated alcohols and esters. However, the quantities usually available from a 
particular species are so small that structure proof can be difficult, even with 
the aid of modern spectroscopic methods. Synthesis therefore maintains one 
of its traditional roles as the final proof of structure. 

А sex attractant of the American cockroach provides an example of the 
use of total synthesis to disprove a potential structure. Analytical methods 
had led to the proposal that the pheromone was 2,2-dimethyl-3- 
isopropylidenecyclopropyl propionate. However, after total synthesis using a 
carbenoid addition to form the cyclopropane ring, it was demonstrated that 
this compound does not attract cockroaches. 


(CH,),C=CBr, Mg/THE | [(CH,),C=C:] (CH,),C=CHO,CCH,CH, | 


CHa, 


22 


C.—/CHO;CCH,CH, 
CH, 


22-Dimethyl-3-isopropylidenecyclopropyl 
propionate 
More recent work on less than 1 mg of pheromone isolated from 75,000 
cockroaches led to a very different proposed structural formula. This struc- 
ture, known as periplanone-B, was confirmed by a total synthesis reported in 
1979. 


О 
оо 


American cockroach 
sex-attractant pheromone 
Periplanone-B 
Two of the sex-attractant pheromones of a species of female German 
cockroach have been identified as 3,11-dimethyl-2-nonacosanone and its 29- 


hydroxy derivative. 

CH, ‚. CH, 

RCH,(CH;),,CH(CH;),CHCOCH, 

R =H; OH 
Each of these compounds is biologically active independently, but the two 
become relatively more active when used together. They have a synergistic 
effect. The two were synthesized in rather different ways because of the ne- 
cessity of placing a hydroxy group at the terminal position of one of them 
(Figs. 23-14 and 23-15). 
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FIGURE 23-14 
Total synthesis of 
3,11-dimethyl-2- 
nonacosanone. 


FIGURE 23-15 
Total synthesis of 
29-hydroxy-3,11- 
dimethyl-2- 
nonacosanone. 


о о 
| ll 
CH,C(CH,),CO,H -®%Он/н* ‚ cH,C(CH,),CO,CH; 


8-Oxononanoic acid 


CH,(CH,),gCH=P(C,H,),/DMF-THE | 


CH, CH, 
CHs(CH,)y¢CH=C(CH,),CO,CH, #2", CH,(CHy)yrCH(CH,),CO,CH, UMSO, 
CH; 
CH,CH) CH(CH,),CHOH PHBH SO. 
CH; CH, 
CH4(CH;),CH(CH;),CH,Br NCCOIGHOVDME , 
CH; CH; 
CH CH, H(CH),C(CO,C H;), косы о, 
ЄН СН єн, сн, 
CH,CH),  H(CH,)CHCO,H -D CHWE&SO ‚ СН (CH). | CH(CH;),CHCOCH, 


2) H,O* 


In the synthesis of the first of these pheromones (Fig. 23-14) the major 
chain was constructed by a Wittig reaction between methyl 8-oxononanoate 
and octadecyltriphenylphosphonium ylid. Reduction of the carbon-carbon 
double bond and of the ester provided the saturated alcohol which, after 
conversion to a bromo derivative, was used to alkylate diethyl methylmalo- 
nate. Hydrolysis and decarboxylation provided the corresponding carboxylic 
acid, which, when treated with methyllithium, gave the desired methyl ke- 
tone product. 


Br(CH,),Br -SOH/GH,CHSOH , СН, сн (cg) p; LCS CH/DMSO 


H.CH,O(C| СН D n-Buli/HMPT 
CH, CH,O(CH,),C=CH EMET, 


H;),P 
CoH,CH,O(CH,),C=C(CH,),,Br ES sm 
3) CH,CO(CH,), Br 


CH, со,с,н, 
CsH5CH,O(CH,),C=C(CH;);,CH=C(CH,);Br NaC(CHs)COCH,/DMF-benzene , 
CH ECH, 
CHICH/O(CH) C (CH), CH- CH) сос, НУРС, 
GOGH, 
CH, CH, CH, ' CH, 
HO(CHJ,CH(CH)/CCOCH, сш, HO(CH,),¢CH(CH,),CHCOCH, 


CO,C,H, 
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Synthesis of the second pheromone (Fig. 23-15) began with formation of 
the monobenzyl ether of 1,4-dibromobutane. The benzyl ether is relatively 
stable to the steps which build up the 29-carbon chain, yet it can be removed 
by reduction to give the required hydroxy group. Acetylene, through its acet- 
ylide derivative, was used to link the four-carbon fragment to a twelve-carbon 
chain, and then a Wittig reaction extended the chain by eight carbon atoms 
while introducing one of the side-chain methyl groups. Alkylation of ethyl 
2-methylacetoacetate with the haloalkane provided the carbon skeleton of the 
required product. Hydrogenation reduced the carbon-carbon double and tri- 
ple bonds and cleaved the benzyl ether all in one step. Hydrolysis and decar- 
boxylation gave the final product. 


PROBLEM Queen bee substance has been prepared in many ways. Provide struc- 
23-20 tures for the missing intermediate compounds and reagents in each of 
the following syntheses. 


1) О, 


DA KHSO,/A 
и J CH; 2) Zn/HOAc 


-— 
2) H,O/NH,Cl 


О 
| 
с CH,(CO,H),/pyridine cH cn), 


OHC(CH. 
(C,H,),P=CHCO,CH,/Et,O ( quoda 


bD / 


OH 
HC=CCH,CH(CH,),, 
os 
CO,CH, 


H,O*/CH,OH 


Ге) 
] 
CH, CH CH(CH,, JH wal 
с=с; TH 
H CO,CH, 


H,O/Na,CO, 
—_ 
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23-21 


a-Multistriatin is the principal attractant of a European elm bark bee- 
tle. Its structure includes a ketal within fused five- and six-membered 
rings. A synthesis of a o-multistriatin that begins with the naturally 
occurring terpene citronellol is outlined below. Fill in structures of 
missing intermediates or reagents where indicated by letters. 


i 1) NaH/THF 
—/ 2) С5, >A A 
HO H 3) CHI 
(R)-(+)-Citronellol 


~ J — m-CIC,H,CO,H | x. J р: 
H H 


c2 ыд t-BuNH,/Na,CO, Е 2 (i-Pr),NLi+/THE 
H 


2) CHyI 


BLA aA 
SnCl, 
bi о 


(Isolated from a mixture of isomers) 


a-Multistriatin 


23-6 Summary 


Lipids are the components of living organisms that can be extracted with 
nonpolar solvents. The most abundant lipids are fats and oils, the triesters of 
glycerol. These “triglycerides” are glycerol esters of fatty acids, long-chain 
molecules that typically possess even numbers of carbon atoms. Phospholip- 
ids also are glycerol triesters, except that one of the three acid fragments is a 
phosphoric rather than a carboxylic acid. 

Terpenes are lipid compounds that are composed of the branched five- 
carbon structural units related to isoprene. The head-to-tail connection of 
isoprene units in terpenes has provided a useful basis for structure elucida- 
tion. Terpenes are widely distributed in plants and form the structural basis of 
animal steroids and some hormones. They are derived biosynthetically from 
acetate units. 


23-7 


23-22 


23-23 


23-24 
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Steroids are a group of lipids that possess a tetracyclic parent structure 
derived from the biogenetic precursor squalene. They are important hor- 
mones involved in control of numerous body functions. Cholesterol, the most 
abundant animal steroid, is a precursor for most other steroids such as the 
male and female sex hormones. 

Prostaglandins are derivatives of prostanoic acid derived from enzy- 
matic oxidation of fatty acids. They appear to be present throughout the body 
in very minute amounts and may play a role in a large number of biological 
processes. 

Pheromones, materials that account for various forms of communication 
between species, have been most extensively investigated in insects. They are 
amazingly potent biological compounds which account for interactions be- 
tween insects over very long distances. Pheromones attract insects to their 
food and warn of danger to a species. Some pheromones are sex-attractant 
substances and are being explored for use in the control of insect pests. 


Supplementary Problems 


In carrying out the Robinson annelation, compound A or B is sometimes used instead 
of methyl vinyl ketone (3-buten-2-one). Explain how these precursors work. 


o О 
Ande А 


When 7-cholestanone is allowed to react with bromine in а basic medium, the initially 
formed 6-bromo-7-cholestanone slowly changes to an isomeric 6-bromo-7-choles- 
tanone. Suggest structures to account for these two products. 


[9] 
7-Cholestanone 


Suggest a synthesis for the gypsy moth sex-attractant pheromone disparlure. Use only 
organic compounds with three or fewer carbon atoms plus solvents and inorganic 


о OPPS NINN 


О 
Disparlure 


reagents. 


Develop a synthesis for mevalonic acid labeled with !^C at the carbon atom alpha to 
the carboxy group. Presume that “CH3CO-H is one of the available starting materials. 
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23-27 


23-28 


23-29 


Use chair conformation drawings to show the steric features in each of the following 

reactions. 

a Epoxidation of a compound that possesses the carbon skeleton of cholestanol except 
for the presence of a double bond in the 9-11 position 

b Hydrolysis in strong acid of the above epoxide 

с Bromination of a compound that has the carbon skeleton of coprostanol except for a 
double bond at the 9-11 position 


In biosynthetic studies, the Kuhn-Roth C-methyl determination has been a useful 
degradative tool for the isolation of small parts of the molecule after labeling. In this 
reaction, a compound 15 oxidized with hot chromic acid. АП the carbon skeleton is 
destroyed except for methyl groups attached to carbon. Those methyl groups are in- 
corporated into acetic acid nearly quantitatively and can be measured by titration or 
distillation. 


| 
CH,-C— EGP, CH,—CO,H 


a After squalene biosynthesis from '*C-labled acetic acid, what proportion of the total 
radioactivity of the squalene is found in the acetic acid isolated by Kuhn-Roth oxida- 
tion. 

b After cholesterol biosynthesis from “C-labeled acetic acid, what is the proportion of 
the original radioactivity found in the acetic acid? (See Prob. 23-13.) 


Addition of bromine to cholesterol gives principally 5,6-dibromocholestanol and some 
5,6-dibromocoprostanol. Draw a conformational structural formula for each com- 
pound and explain why the cholestanol isomer is formed more rapidly but the copros- 
tanol is considerably more stable. 


Medicinally valuable steroids are usually obtained by transformation of readily avail- 
able steroids such as the bile acids obtained from cattle after their slaughter for meat. 
The following sequence shows the alterations made in D-ring side chains on 
deoxycholic acid in the preparation of cortisone. Provide structures for the missing 
reagents and intermediates. 


C.H; 
СОСН 34 Сен м 
—— ——— 
с 2)B (Sec. 24-3B) 


Br С.Н; 


CH; t-BuOK NBS 
с 
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Br C.H; 
2 
Сн NaOAc/H,O-MeOH HE 
>D > 
2) HOAc/Zn 
ОАс 
zo 


Several steps 
as in Fig, 23-7 


cortisone 


23-30  Griseofulvin, an antibiotic isolated from a penicillin mold, has been prepared from the 
two precursors indicated below. Suggest a mechanism for the reaction. 


CH, о CH; 


| А 
+ CH,CH=CHCC=cocH, K, 


CHO CH,O 
а 


a CH; 


Griseofulvin 


23-31 Provide structures for the missing intermediates and reagents in the following synthe- 
sis of a lecithin from p-mannitol. 


CH,OH 
H 
uo CHO CH,OH ly 
HO НА в MIO. , jq о yey | О. (C,H,O)PCH;I- › 
H OH E 2) H,O | D< 
CH,O CH,O 
H OH 
CH,OH 
p-Mannitol 
CHI CH,I CH,OH 
po 0н Рон = нон. 22. 
CH,O Ls dis HI 
CH,O,CC,sHai-n CH,O,CC, Han 
E Several steps 
но —н Е. aCuHaCO——H Кышы ы ый 


Сну di 
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LO; CC,sHaj-n 


1-Ci Ha CO;—.—H — 
: 
20 —-OCH,CH.N(CH,)sI- 
C,H,CH,—O 


CH,O,CC,4Hs-1 
"CHCOOH 0 
^ 
CH,O—P—OCH,CHN(CH), 
= 


23-32 Едийепіп, a female sex hormone isolated from horses, was synthesized in 1939 by 
Bachmann, Cole, and Wilds. Though this was the first total synthesis of a steroid, 
most of the reactions employed are still used in the modern chemistry laboratory. 
Provide the missing intermediates and reagents leading to the methyl ether of equi- 
lenin. 


NH, 


кон, D (CH,),50, , )c 
АНОР 20 
zd CH,O 
2) Mg/ELO p 1) РВ, ‚ p 290€ , 
БОЛДИ; о 2) NaCH(CO,Et), 2) $па\/А 
CH,O з) H,0*/A 
i 3) ae 
des 2) NaOMe/MeOH. , 
T 73) CH,O,CCO,CH, " 
CH4O 
CO,CH, 
Several Several steps | 


CO,CH, 
e oue уно?” 
CH4O 
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CO,CH, 


в COCH; Several steps 
T 
CH,O 


CO,CH, 
B oc AO 
I 
p 0» 
CHO CHO 


Equilenin methyl ether 


"23-33 The structure of the principal sex-attractant pheromone of female dogs in heat has 
recently been determined. The compound was detected by gas chromatography—mass 
spectrometry (GC-MS, Appendix) analysis of the volatile components from vaginal 
smears. The mass spectrum as well as the IR and 'H-NMR spectra are reproduced іп 
Fig. 23-16. Suggest a structure for this compound. 


FIGURE 23-16 
Spectral data for Prob. 23-33. 


100 = 


Relative intensity 
e 
© 
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FIGURE 23-16 (Continued) 
Wavelength, um 


3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
Frequency cm? 
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*23-34 Тһе spectral data for a rather important terpenoid compound considered in this chap- 
ter are shown in Fig. 23-17. Identify the compound. 


FIGURE 23-17 500 400 300 200 100 0 Hz 
Spectral data 
for Prob. 23-34. 


8.0 7.0 6.0 5.0 40 3.0 2.0 1.0 0 6-ppm 


Wavelength, ит 


1800 1600 1400 1200 1000 800 600 
Frequency cm! 
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FIGURE 23-17 (Continued) 
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FIGURE 24-1 
Some free radi- 
cals. 
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A free radical is any atom or group that possesses one or more unpaired 
electrons (Fig. 24-1). Elements such as halogen atoms and alkali metals are 
free radicals, since they have odd numbers of electrons. The oxygen molecule 
contains an even number of electrons (16), yet it does not have all electrons 
paired. Ten of the valence electrons form five pairs, but the remaining two 
electrons possess identical spins. This unusual situation gives oxygen some 
interesting reactivity characteristics. Oxygen is commonly classed as a diradi- 
cal. 

Free radicals may be electrically charged ions or noncharged species. 
The common characteristic of almost all free radicals is a high chemical reac- 
tivity which is associated with the tendency of electrons to exist in pairs. 

Free radicals are intermediates in many laboratory and industrial proc- 
esses. A great deal of interest and economic importance is associated with the 
free-radical reactions that lead to synthetic polymers (Chap. 25). Many of the 
reactions of molecular oxygen, including biological degradation, are free- 
radical processes. 

The chemistry of free radicals was largely neglected during the first third 
of the twentieth century. That was due partly to the mistaken belief that such 
species, if they did exist, would be too unstable to observe or isolate. Today 
chemists have many methods for detecting even the most transient interme- 
diates. Much interest is currently directed toward understanding the mecha- 
nisms of free-radical reactions and their possible role in biological processes. 


н: С: Ag: Na: 
Hydrogen atom Chlorine atom Silver atom Sodium atom 
Ou 2С: 2С0: 
Oxygen molecule А carbon radical An alkoxyl radical 
1 o iO. eser 


The naphthyl radical anion А nitroxyl radical А hydroxyl radical 
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History 


Free radicals have had a rather interesting history in organic chemistry. 
During the nineteenth century the word "radical" was used to describe a 
group of atoms which retains its structural integrity throughout a chemical 
reaction. Benzoyl and phenyl groups, for example, were called radicals (Sec. 
1-2). There was no connotation of electron configuration, since the electron 
was not discovered until the end of the nineteenth century. 

As atomic and molecular weights were more firmly established, it be- 
came clear that the species known as methyl and ethyl radicals were actually 
dimers, i.e., ethane and butane, respectively. The idea that organic radicals 
were sufficiently unstable as to preclude their isolation and detection became 
so firmly established that it was not until the 1930s that the concept of free 
radicals as intermediates in many reactions was accepted. 

Gomberg actually provided the first example of a free radical (in the 
modern sense) in 1900 by generating triphenylmethyl radical. When 
chlorotriphenylmethane was treated with silver metal, a yellow solution de- 
veloped. The solution was rapidly decolorized by oxygen and iodine, rea- 
gents now known to react with carbon free radicals. Gomberg had wanted to 
use the reaction to prepare hexaphenylethane, the dimer of triphenylmethyl 
radical. A material was recovered and was assigned, by Gomberg and others, 
the hexaphenylethane structure. We now know, however, that it is not the 
desired dimer. 


(CHj,CCl ^ + Ag: — (СНС: + AgCI 
Chlorotriphenylmethane Hense 
radícal 


0,/H,0 > (CSH5),COOC(CH;), + other products 
1, 
(С;н;)3С: E (C;H3CI 
"Gomberg dimer” 


a Write the chemical equation for the potential formation of 
hexaphenylethane from triphenylmethyl free radical. 


b The dimer obtained from chlorotriphenylmethane when treated with 
silver metal had generally been assigned the structure proposed by 


Gomberg, hexaphenylethane. Spectral data obtained for the actual 
dimer in the 1970s show UV Ашах = 313 nm, and *H-NMR: 67.4 ppm 
(m, 25), 5.0 ppm (s, 1), 5.8-6.4 ppm (d of d, 4). Discuss the proposed 
and/or an alternate structure for this dimer in relation to the spectral 


data. 
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Gomberg's work was generally neglected until Paneth, in 1929, pro- 
vided rather interesting experimental evidence for small organic free radicals. 
His experiment involved passing tetramethyllead vapor through a glass tube 
which had a thin film (a mirror) of lead metal deposited at one point. When 
the tetramethyllead vapor was heated before reaching the mirror, a new lead 
mirror formed at the point of heating and the original lead mirror disappeared 
as the decomposition gases passed over it. The observation was explained by 
assuming that methyl free radicals are generated on heating of the tetrameth- 
yllead. Lead is deposited at that point while the generated methyl free radi- 
cals move further through the tube. When the reactive radicals reach the lead 
previously deposited, they react with it to form the volatile tetramethyllead 
which moves through the tube. Zinc metal mirrors also were removed in 
similar experiments, giving further indication of free-radical production. 


(CH,),Pb °°, 4CH,.. + Pb 


Tetramethyllead Methyl free 
radical 


ACH;: + Pb —> (CH;),Pb 


The time was right for acceptance of the concept of free radicals. Many 
puzzling reactions were explained. Free radicals are now considered to be one 
of the common types of carbon-centered reactive intermediates, along with 
carbanions and carbocations (Sec. 5-1E). 


Characteristics of Free Radicals 


Formation, Propagation, and Termination 
Free radicals are formed in two general ways: 
1 Through homolytic cleavage of bonds: А-В — A: +В: 
2 By reaction of molecules with other free radicals: А-В -^ A- + B—X 


These are the initiation reactions that begin the sequence of every radical 
process. 

Homolytic cleavage of sigma bonds can be made to occur with any com- 
pound if the temperature is sufficiently high. However, this thermal method 
is most useful when bonds within a molecule dissociate selectively at temper- 
atures below about 200°C. Bonds of peroxy and azo compounds typically 
possess bond dissociation energies (Table 2-4) below 40 kcal/mol (170 kJ/mol) 
and are sufficiently weak to be good sources of radicals under typical reaction 
conditions. 


(CH;),CO—OC(CH,), LAE, сң) со. 
Di-tert-butyl peroxide tert-Butoxyl radical* 


* Current nomenclature uses “alkoxyl,” “carboxyl,” and "hydroxyl" for the free-radical species 
but “alkoxy,” “carboxy,” and “hydroxy” for the substituent groups. 
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о 
| 1 " 
C,H,CO—OCC,H, 22S, 2С,Н,СО, 
Dibenzoyl peroxide Benzoyloxyl radical 
см CN см 
(CH,),C—N=N—C(CH,), 5996, 2(снз),С: + № 
Azobisisobutyronitrile 2-Cyano-2-propyl 
(AIBN) radical 


Photolysis (Chap. 27) is another common method for generating free radicals 
through sigma bond cleavage. 


Cim. са: 
A chlorine radical 


о 
I NT 
CH,CCH, № СНС: + ‘CH; 


Ап acetyl A methyl 
radical radical 


Free radicals formed in these ways are most often the precursors that 
generate other free radicals. A common reaction pathway for radical forma- 
tion is the abstraction of a hydrogen atom from a molecule by a free radical. 
For example, alkoxyl radicals react with hydrogen bromide to form alcohols 
and bromine atoms (free radicals). Note again the convention that half- 
headed curved arrows are used to designate movement of single electrons 
(Sec. 5-10). 


ROOR Не, ко. 


RO“ ВВ: — ROH + Br: Initiation 


The process is involved in initiation of the reaction leading to anti- 
Markovnikov addition of HBr to alkenes (Sec. 15-3B). A bromine atom gener- 
ated by hydrogen abstraction from HBr, then adds to the alkene in the first 
step of the addition reaction. The initial adduct is a reactive alkyl free radical 
which abstracts a hydrogen atom from another molecule of HBr and gener- 
ates a new bromine atom. The two steps, addition of a bromine atom and 
abstraction of a hydrogen atom to form a new bromine atom, are the propaga- 
tion sequence in this example of a chain reaction. 


LOY le de 
Brodie a $ T 


А 
==, ^X Br — in rapi + Вг. Propagation 
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In principle, one initiator radical could account for an infinite number of 
reaction steps in a chain reaction. But that does not occur in a real reaction 
because the various intermediate free radicals may be destroyed in reactions 
which do not propagate the chain. Such reactions terminate the chain, so that 
a new initiator molecule is required for resumption of the sequence. The most 
common termination reactions involve the combination of two free-radical 
species to form a nonradical stable product. In the case of hydrogen bromide 
addition to alkenes these processes are: 


Br Br —> Br, 


| acl | 
Br ҮШ Т Br — > Br—C—C—C e Br 


Ср 


Termination 
йыл aie y 
Br + в — BRUT 


Free radicals may also be generated by various oxidation-reduction proc- 
esses. Transfer of electrons to or from metal atoms and ions is a common 
method for initiating radical reactions. Electrochemical oxidation-reduction 
also is gaining importance in organic chemical processes (Chap. 27). 


H,O, + Fe?t — НО. + Fe*HO:- 
A hydroxyl 
radical 
(CHj,COOH + Co? —+ — (CHj4COO- + Co?* + Ht 
tert-Butyl hydroperoxide tert-Butylperoxyl radical 


Cees © Na* 


An aryl radical-anion 


CH,(CH,),COz ae CH,(CHj),CO, * 
А carboxyl radical 


B. Reactivity 


Most free radicals are very reactive and usually cannot be isolated. In 
Some cases indirect methods must be used even to detect the presence of a 
radical. Activation energies for reactions between two free radicals are very 
low, often near zero, so that an actual reaction rate may depend on how 
rapidly the two species come together. Such reactions are said to be diffu- 
sion-controlled and have rate constants of 107-10? 5-1 mo]-! in solution. 
The termination step in many chain reactions involves this type of rapid radi- 
cal combination. 
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PROBLEM Termination of a free-radical chain reaction often involves the rapid 
24-2 combination of two radicals. Explain why it is possible to carry out 
chain reactions despite that fact. 


The most common method for determining relative reactivities of free 
radicals is to measure the rates of hydrogen atom abstraction from nonradical 
molecules by the radicals under investigation. We find, for example, that a 
chlorine atom abstracts a secondary hydrogen atom of propane about 50 times 
more rapidly than a bromine atom does. In this case the rates of reaction and 
the associated activation energies reflect the energies of the H—X bonds being 
formed (Table 24-1). 


х. + CH,CH,CH, 5 CH,CHCH; + HX 
kcy/ kg, = 50 


TABLE 24-1 Energy of Z—H Bond Being Formed and Relative Rates of Hydrogen Atom 
Abstractions 


Relative Rates of Hydrogen Abstraction 


Z—H Bond Energy from Saturated Hydrocarbons 
Radical (2) kcal/mol (kJ/mol) Prim* Sec Tert 
В: 136 (568) 1 1\2. 14 
(cis 103 (431) 1 4 6 
CH3O: 104 (435) 1 8 27 
H: 104 (435) 1 5 40 
СНз · 104 (435) 1 7 50 
C6H5: 110 (460) 1 9 47 
hC: 96 (401) 1 80 2.3 x 10? 
Br: 87 (365) 1 200 1.9 x 10* 


и 
* Arbitrarily taken as standard for each radical. 


PROBLEM How would a fluorine atom be expected to compare with a chlorine or a 
24-3 bromine atom in the rate of hydrogen atom abstraction? 


The position of a hydrogen atom in a molecule also influences the rate of 
radical abstraction. In saturated hydrocarbons a hydrogen atom on a tertiary 
carbon is abstracted more rapidly than is one on a secondary carbon, which in 
turn is abstracted more rapidly than a hydrogen atom at a primary position. 
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PROBLEM 
24-4 


Ease of reaction is directly related to the strength of the C—H bond being 
broken. 


CH;CH—H = (CH3),CH—H_ . (CH3);C—H 


98 kcal/mol 95 kcal/mol 92 kcal/mol 
(410 kJ/mol) (397 kJ/mol). (385 kJ/mol) 


The photoinduced radical monochlorination of 2,3-dimethylbutane in 
CCl, at 25°C produces 60% 1-chloro-2,3-dimethylbutane and 40% 2- 


chloro-2,3-dimethylbutane. Calculate the relative reactivities of the pri- 
mary and tertiary hydrogen atoms for this reaction. (Note the different 
numbers of hydrogen atoms at each position.) 


A rather interesting selectivity-reactivity relation is observed during 
hydrogen atom abstraction. Although the order of reactivity remains tert > 
sec > prim, the range of rates depends on the nature of the abstracting free- 
radical species. Relative rates differ by only 1.4 when fluorine atom is the 
radical, whereas a range of 10* is observed with the bromine atom (Table 
24-1). The more reactive fluorine atom selects hydrogen atoms in an almost 
tandom manner, while the less reactive bromine atom is considerably more 
selective. Selectivity can be attributed, in part, to the strength of the H—Z 
bond being formed and the assumption that transition state energies and 
associated reaction kinetics will be controlled by similar factors. 

However, the data of Table 24-1 indicate that more than bond energies of 
the ptoducts are involved in the relative rates of hydrogen atom abstraction. 
The phenyl radical is more selective than its bond energy to a hydrogen atom 
might suggest. We have seen that phenyl is effectively larger (Table 6-2) than 
the groups above it in Table 24-1, It has been suggested that the size of the 
free radical may affect reactivity and consequently influence selectivity. The 
trichloromethyl free radical is even more crowded about the carbon center 
pin is phenyl. Its selectivity surely reflects steric as well as bond strength 

actors. 

The contribution of steric factors to the reactivity of free radicals pro- 
vides an interesting example of the independence of thermodynamic and 
kinetic parameters. We often Speak of species with low reactivity as being 
relatively stable. To be precise, we should Say that species of low reactivity 
have a high energetic barrier to reaction (activation energy) regardless of the 
thermodynamics of the overall reaction (Sec. 5-3). 

When discussing free-radical chemistry, it is common to use the word 
"persistent" to describe Species which are relatively unreactive, whether or 
not they are thermodynamically stable in some particular reaction. Secondary 
alkyl radicals, for example, possess no particular stability characteristics and 
are usually very reactive. However, Substituents around the free-radical site 
that sterically inhibit reaction can markedly reduce reactivity and provide a 
persistent radical. 
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сае 


Nonpersistent Nonpersistent Persistent 
Nonstabilized free radicals 


The most common nonstabilized persistent free radicals are tertiary free radi- 
cals, in which crowding is usually significant. 


[(CH3);CH]SC- СНз) СС: [(CH,),C],CCH,CeH, 
Nonstabilized persistent free radicals 


Because of the intrinsic reactivity associated with an unshared electron, 
thermodynamic stability may not be sufficient to ensure persistence. For ex- 
ample, a benzylic free radical is thermodynamically stabilized by about 
13 kcal/mol (55 kJ/mol) relative to ethyl because of delocalization of the elec- 
tron into the aromatic ring, yet it is short-lived, reactive, and thus nonpersist- 


ent. 
C 79 — {= = C СН, <> А )—CH, 


Even the persistent triphenylmethyl radical initially generated by Gomberg is 
not sufficiently thermodynamically stable to account for its relatively long 
lifetime (several days in an oxygen-free solution). The severe steric hindrance 
provided by the three phenyl groups can explain its low reactivity. 

Two common antioxidants used as food preservatives are the hindered 
phenols commonly known as BHT (butylated hydroxytoluene) and BHA (bu- 
tylated hydroxyanisole). 


H H H 
(CH3)4C C(CH3)3 C(CH3)s 
and 
C(CHs)3 
Н; CH; OCH; 


BHT BHA 
(2,6-Di-tert-butyl-4-methylphenol) (2- and 3-tert-Butyl-4-methoxyphenols) 


The phenolic hydrogen atoms are readily abstracted by alkylperoxyl radicals 
(RO; - ) to give a relatively stable (persistent) phenoxy] radical. Both crowding 
and electron delocalization contribute to the persistence of the phenoxy] radi- 
cals. This type of antioxidant functions by destroying the peroxyl radical and 
thus interrupting the chain process of oxidation (Sec. 24-3D) which causes 
many kinds of food to spoil. Compounds that function in this way are known 
as radical scavengers. 
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:OH 
(CH3,C. C(CH;); 
R-O—O: + i 
An alkylperoxyl radical j 
Н; го: | 
(CH,),C C(CHj), 
R—O—O—H + 
An alkylhydroperoxide 
CH; 


Termination products 


PROBLEM Each of the following free radicals derives some thermodynamic stabil- 
24-5 ity from resonance. Draw the important contributing structures show- 
ing electron delocalization in the resonance hybrid for each of these 

radicals. 


a 10): 
(CH,),C C(CH;), 


C(CH;); 
2,4,6-Tri-tert-butylphenoxyl 


Tetraphenylpyrryl 


(CH;),C 


Galvinoxyl 


PROBLEM When 2,6-di-tert-butylphenol, a colorless solid, reacts with alkyl- 


24-6 


PROBLEM 
24-7 
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peroxyl radicals, a red “dimeric” product is formed. Suggest a structure 
for this dimer and provide a mechanism for its formation. 


Solvent and substituent effects on free-radical reactivity are usually 
small because reactions commonly involve electrically neutral reactants and 
intermediates. Chlorination of 2,3-dimethylbutane is typical. The selectivity 
between primary and tertiary hydrogen atoms shows little change with the 
character of the reaction solvent when nonaromatic medià are compared 
(Table 24-2). Benzene is believed to form a complex with the chlorine atom 
which results in a more significant solvent effect on selectivity. 


TABLE 24-2 Effect of Medium on Selectivity During 
Chlorination of 2,3-Dimethylbutane at 55°С 


Medium Dielectric Constant (Debye) Kion/Kprim 
Gas phase — 37, 
СС 2 3.5 
CH3CO;H 6 4.1 
CH3CN 38 4.0 
CH3NO; 38 959 
СН 2 32 


A quantitative measure of substituent effects during hydrogen atom ab- 
straction can be obtained by using the Hammett equation (Sec. 17-3B). The 
reaction constants (p) for a large number of these reactions are usually nega- 
tive and of small magnitude (typically —0.2 to —1.3). A slightly polar transi- 
tion state has been proposed to account for these results. 


88- 88+ 


+ 
Z:4H—R — [н-к] ——э2—Н+К- 


Hydrogen-deuterium kinetic isotope effects are observed during hy- 
drogen atom abstraction. 


a Why is an isotope effect consistent with the proposed mechanism? 


b Would the chlorine or bromine atom be expected to have the greater 
isotope effect in the hydrogen abstraction mechanism? 


C. Stereochemistry 


Stereochemistry was an important factor in our considerations of the 
course of heterolytic substitution reactions (Chap. 10). We saw that reactions 
can proceed with varying degrees of retention, inversion, and racemization. 


920 


Free Radicals 
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There is considerable experimental evidence that free-radical substitutions 
typically involve a complete loss of configuration. When a free radical is 
formed at the chiral carbon atom of an optically active molecule, the product 
derived from that intermediate is almost always racemic. Carbon-centered 
free radicals are believed to possess a planar or rapidly inverting tetrahedral 
configuration (Sec. 5-1Е). The free-radical chlorination of optically active 
1-chloro-2-methylbutane is illustrative. 


CoH; CH; 
cH, T eus с, 
CICH,—C + Cl: —> CICH,—C + HCl —> 
hs Vs 
Optically active CI CH, 
/ Асн 
CICH;—C., + CICH;-C7 зе СІ: 
үс, а 
CH, 
a а. 
Racemic 


Spectral data have suggested that crowded free radicals such as tert- 
butyl probably exist in a rapidly inverting tetrahedral configuration. Fragmen- 
tation of a bicyclic peroxyester provided chemical evidence that carbon- 
centered free radicals can exist in a nonplanar configuration. The bicyclic com- 
pound apocamphoryl peroxide decomposes at a rate typical of peroxides to 
give products which must surely be derived from the nonplanar bridgehead 
radical. In this case the rigid bridgehead structure prevents planarity. 


Stereochemical results from certain free-radical reactions in solution 
have been associated with what is known as a cage effect. Consider the possi- 
ble fate of a pair of free radicals formed in solution by homolysis. The two 
species can remain almost within bonding distance and recombine rapidly— 
before any configurational changes take place—to produce a molecule which 
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is in all respects identical with the original reactant. This type of process is 
believed to take place in both radical and ionic reactions, but it cannot easily 
be detected experimentally. 


R—R —> (R^ “R= R-R 
Very close radical 
pair 


At the other extreme is the situation in which the components of the 
radical pair separate and react independently. Of particular interest, how- 
ever, is the case in which the two radical species separate somewhat, yet are 
held within a solvent cage. This can occur when nonreactive collisions with 
solvent molecules function as a barrier to escape of the free radicals into the 
general reaction medium. 

One experimental method used to detect the cage effect is stereochemi- 
cal. Reaction is allowed to proceed until about 50 percent of an optically active 
reactant has been consumed. Chemically unchanged starting material is then 
recovered, and its optical purity is compared with that before reaction began. 
Any loss in optical activity indicates that the radical pair has formed and that 
its components have rotated relative to each other but have not escaped the 
solvent cage. In one such experiment optically active 2-phenylazo-2-phenyl- 
butane was found to have racemized 26 percent during fragmentation of 40 
percent of the starting material. 


TA 
GrH c N-NGH, 
CH; 


2-Phenylazo-2-phenylbutane 
100% optically pure 


[алокае 
en Когай Сены. Decomposition 
= ion 
хе, -N=NC,H,) = ен -N=NC,H,] —> us PE 
C,H; CH; 


PROBLEM 
24-8 


js 

recombination 
E 

CH -N=NCoHs 
GH, 


74% optically pure 


When a mixture of CDjN—NCD; and CH;N=NCH; is decomposed in 
isooctane, nitrogen gas is lost and the dimeric products recovered from 


the fragmentation are ethane and hexadeuterioethane, but little or no 
1,1,1-trideuterioethane. In the gas phase all three ethane products are 
obtained. Discuss this result in terms of a cage effect. 


922 Free Radicals 


PROBLEM How would the solvent viscosity be expected to influence the cage ef- 
24-9 fect for a particular free-radical decomposition? 


24-3 Reactions 


Like the ionic reactions we have studied in previous chapters of this text, 
free-radical reactions can involve elimination, substitution, and addition. Oxi- 
dations and reductions are generally special cases of the above reaction types. 


А. Fragmentation 


Many free radicals are generated by a fragmentation process in which 
some initially formed radical loses a small stable molecule. These are the 
elimination reactions of free-radical chemistry. Consider for example the ther- 
mal decomposition of benzoyl peroxide. At about 80*C reaction begins, and 
leads to phenyl radicals and carbon dioxide. The reaction is believed to pro- 
ceed by a mechanism involving cleavage of the oxygen-oxygen bond. A ben- 
zoyloxyl free radical formed initially then decarboxylates rapidly to give the 
fragmentation products. 


АГ, 7 
C,H; —C—OY%O—C—C,H, — 26,H,-C—O: 
Benzoyloxyl 
free radical 
ji 
C Hy en: — CH: + CO, 


Evidence in support of the benzoyloxyl intermediate is that iodine can 
be used to trap the radical. Benzoic acid is ultimately recovered. 


L/CCI 
(С;н;СО,), 099%, 2¢,H,C0,1 59, 2C,H,CO,H 


In some cases small amounts of phenyl benzoate are also found, presumably 
owing to combination of a phenyl radical formed in one fragmentation and a 
benzoyloxyl radical in another. 


C6HsCO2° + C6Hs* —> СеНУСО:С;НУ 


PROBLEM 
24-10 
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Suggest the products expected from thermal decomposition of: 
a Acetyl peroxide 
b The mixed peroxyester benzoyl propionyl peroxide 


оо 
C,H,ÉOOCCH,CH, 


Benzoyl propionyl peroxide 


Peroxyesters that lead to resonance-stabilized free radicals such as ben- 
zyl appear to fragment in a single step through multiple bond cleavages. No 
intermediate acyloxyl radical is believed to be formed. 

[(C4H5),CHCO],O; ics (C;H3),CHCH(C;H,), + 2CO, + other products 
via 
унше.) 
(CH5) CH COO COACH); 
Radical abstraction of an aldehydic hydrogen atom can lead to decar- 


bonylation, the loss of carbon monoxide. The pathway is probably similar to 
that of the decarboxylation reactions discussed above. 


C,H, o CH, 
a 5 
SCH + (CH34CO : —> СН сео + (CH;);COH —> 
(CH3);CH H (CH,),CH 
Optically active 
H 
Сны. RCHO т | 
C—CH(CH;), + СО ——> C,H;—CH—CH(CH,), + КСО. 
CH; Racemic 


Decarboxylative halogenation of a carboxylic acid is the basis for the 
Hunsdiecker reaction. The silver (or thallium) salt of a carboxylic acid, when 
treated with a halogen (usually bromine), leads to a haloalkane with one less 
carbon atom than the original acid. Homolytic cleavage of an oxygen-halogen 
bond initiates the sequence. The reaction works quite well with aliphatic car- 


boxylic acids. 
CH;CH,CO,Ag + Br; —> СНзСН»Вг + CO; + AgBr 
via: CH3CH;COsAg + Br; —э CH3CH2CO2Br + AgBr 
CH3;CH,CO.Br —9 CH3CH;CO»: + Br: 
CH4CH;CO;: —> CH;CH;: + CO; 
CH;CH2: + Br: —> CH;CH?Br 
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B. Substitution 


Substitution for a hydrogen atom is one of the most important free- 
radical reactions. In Sec. 24-2 we saw that hydrogen atom abstraction fol- 
lowed by reaction of the free-radical intermediate to add a new substituent is 
a substitution sequence used to establish reactivity characteristics for free- 
radical processes. Halogenation at a saturated carbon atom is a typical exam- 
ple of free-radical substitution. The method provides a means of introducing a 
functional group onto a molecule, though it is often difficult to control the 
position and extent of reaction. Some industrial processes begin with free- 
radical halogenation of the readily available hydrocarbons of petrochemical 


origin. 


CH, + Cl “°°, сна + CH;Cl, + СНС + сс, 
1.0 mol 0.6 mol 59% 29% 9.7% 2.3% 


In this example of the free-radical chlorination of methane, control of temper- 
ature and reactant concentrations is used to alter product ratios. Maximizing 
the desired product is an important goal of the industrial chemist. 

Bromination of the allylic position of an alkene is a rather specific substi- 
tution reaction usually carried out using N-bromosuccinimide (NBS). 


Ге) 
C,H,CH—CHCH, + N—Br  -Dibenmyl peroxide С CH—CHCH,Br 
о 
1-Phenylpropene N-Bromosuccinimide 3-Bromo-1-phenylpropene 


(Cinnamyl bromide) 


T 
er Мв, AN, Ô 
о 


3-Bromocyclohexene 


The bromination is a free-radical chain process in which molecular bromine, 
not NBS, is involved in the cycle of chain-propagating steps. N-Bromosuc- 
cinimide is the source of bromine in the reaction. The HBr generated by hy- 
drogen atom abstraction reacts with NBS in a rapid equilibration to produce 


succinimide and the requisite bromine. 
О 


N—Br + НВг == NH + Br, 


о 
Succinimide 


PROBLEM 
24-11 
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Selective initiation of the radical sequence occurs at the allylic carbon atom of 
the alkene because hydrogen atom abstraction at that position preferentially 
leads to a resonance-stabilized allylic free radical. 


C,H,CH=CHCH, Aor, C,H,CH=CHCH, P5, C,Hj;CH=CHCH,Br + Вг. 


Br: + СН.СНЕСНСН, —> HBr + C,H,;CH=CHCH, — etc. 


Reaction is carried out using nonpolar solvents in which NBS is rela- 
tively insoluble. Only a very low concentration of Brz or HBr is present in the 
heterogeneous mixture, so that other reactions such as addition to the double 
bond (Sec. 15-3) are avoided. N-Chlorosuccinimide has also been used for 
allylic chlorination in certain cases. 


How would Br; or N-bromoacetamide in the presence of a trace of radi- 


cal initiator be expected to compare with NBS for allylic bromination? 


Substitution by hydrogen is a method for removing halogen atoms. We 
have seen that removal of many functional groups can be accomplished by 
conversion to a halo derivative followed by hydride reduction to the hydro- 
carbon. Tin hydrides are believed to furnish the hydrogen atom by a free- 
radical process and thus provide an alternative to the nucleophilic substitu- 
tion pathways we considered earlier (Sec. 11-7A). Hindered or aryl halides are 
readily reduced. Bromine is replaced in preference to chlorine when both 
atoms are present in the same compound. 


(n-C,H,),nH AEN (y. C Hn: 
Tributyltin hydride 
C,H;CH,Cl + (n-CyHg)35n > —> CHCH; · + (n-CyHg)35nCl 


C;H4CH,: + (п-С;Н,)з5аН —> СьН5СНз + (n-C4Hg),Sn: — etc. 


+ (1-C,H,),5nH >> @ 
Вг 
ре + (- C H)SnH — (>< 
а 


Вг 
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PROBLEM 


24-12 


PROBLEM 


24-13 


Use the data of Table 2-4 and average bond energies for Sn—Cl 
(120 kcal/mol, 502 kJ/mol) and Sn—H (80 kcal/mol, 334 kJ/mol) to cal- 


culate the energetics of the tin hydride dechlorination. 
RCH;—CI + R3Sn—H — RCH; + R$SnCl 


Indicate how each of the following reactions supports the mechanism 
proposed for tin hydride reduction. 


cl 
| 
C,H,CHCH, + (C,H,);5nD —> C,H,CHDCH, 


Optically active Racemic 


CH; Br Сн /N 
CH, сн, + (СНазЅан — CH, CH, 


Optically active Racemic 


Free-radical substitution for a hydrogen atom on an aromatic ring fol- 
lows a pathway which initially resembles ionic aromatic substitution (Chap. 
17). The free radical adds to the aromatic ring to produce a reactive 
cyclohexadienyl intermediate. 


вн 
саа 
In the widely studied examples of aromatic phenylation (К = C,Hs), the 


phenyl radical is often generated by free-radical fragmentation (Sec. 24-3B) of 
benzoyl peroxide. 


[o 
|| 
G,H,C—0—0—CC,H, -— 26,H,CO,  —> 26H; + 2CO, 


The cyclohexadienyl intermediate can, and usually does, undergo a vari- 
ety of possible reactions. Hydrogen atom abstraction by any radical species in 
the reaction medium provides the simple product of aromatic substitution. 


REV n 
Qe 


PROBLEM 
24-14 
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When one cyclohexadienyl intermediate is the free radical which abstracts а 
hydrogen atom from another, a mixture of aromatic and dihydroaromatic 
products is formed. This is a termination sequence known as disproportiona- 


tion. 
R 
RAGH вн 
вн H 
OR + H + 
He H 


Dimerization of two intermediates is another termination sequence. It can 
lead to three different products. 


вн R R R 
Q- м 
R R R 

Reaction mixtures are complex. In many cases products that form ini- 
tially can undergo further reactions, so that elucidation of a reaction mecha- 
nism is difficult. Substituent effects on aromatic reactants are small, and in 
contrast to ionic substitution, both electron-attracting and electron-donating 
groups enhance reactivity of the substrate in free-radical reactions. Further- 


more, ortho orientation generally predominates. Table 24-3 records some re- 
sults of free-radical phenylation. 


TABLE 24-3 Effect of Substituents on Aromatic Phenylation 


—H 1.0 — — == 
—CH3 12 67 19 14 
а 1.4 50 32 18 
—Br 17 49 33 18 
—NO; 4.0 62 10 28 
5 
For the reaction: С Ъз? cS 
oono aa ии 


* Phenyl radical was generated from benzoyl peroxide at 70-80°C. 


In a competitive experiment, the rates of free-radical phenylation of 


benzene and hexadeuterio benzene are the same. How does that result 
relate to the proposed reaction mechanism? 
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PROBLEM 


24-15 


PROBLEM 


24-16 


Cuprous salts catalyze the free-radical substitution by halides and some 
other anions for nitrogen in arenediazonium salts (the Sandmeyer reaction, 
Sec. 18-3C). Homolytic cleavage of the aryl-nitrogen bond produces an aryl 
radical and the cupric halide. Abstraction of halogen from the cupric salt by 
the aryl radical leads to the haloaromatic while regenerating the catalyst. Be- 
cause the halogen substitutes at a specific carbon atom, this regiospecific 
method is often the best approach for the preparation of chloro- and 
bromoaromatic compounds. 


C;HsNjBr- + CuBr — СН + CuBr, + № 
CsHs- + CuBr; —> C,HsBr + CuBr 


What is the function of the copper compound in halogenation of a 


diazonium salt? 


Addition 


In Sec. 15-3 we learned that hydrogen bromide can add to unsymmetri- 
cal alkenes with either Markovnikov or anti-Markovnikov regiospecificity. 
The anti-Markovnikov addition was accounted for by a free-radical mecha- 
nism in which a bromine atom adds in the first step. 

Br: + CH,=CHCH, —> BrCH,CHCH, “8, BrCH,CH,CH, + Вг: 
The regiospecificity is attributed to formation of the more-substituted, and 
therefore more stable, radical as well as the steric advantage of addition by the 
bromine to the less-hindered carbon. 

Of the hydrogen halides, only HBr shows this anti-Markovnikov addi- 
tion, often referred to as the peroxide effect because peroxides can initiate the 
free-radical process. That is because only the HBr addition has favorable ther- 
modynamics for both the radical addition step and the hydrogen abstraction 
step that forms the product while propagating the chain reaction. 


Use the average bond energies recorded in Table 2-4 to calculate the 


thermodynamics of the propagation steps in the free-radical addition of 
НСІ, HBr, and HI to an alkene. 


Although free-radical processes usually proceed with little or no 
stereoselectivity (Sec. 24-2C), the addition of hydrogen bromide to an alkene 
may exhibit varying degrees of stereoselectivity. When HBr is added to 
2-bromo-2-butene at —80°C, anti addition predominates. At 25°C, stereoselec- 
tivity is lost and both the Z and E isomers give the same product mixture. In 
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either case the reaction is regiospecific and follows anti-Markovnikov orienta- 


tion. 
H CH. CH. СН. CH. 
rc e EM cOSEPE E ^ н 

сну ССН a ye х=с EHRMEQ. dl-2,3-Dibromobutane 

Br Br Br ^u Br Жн; —80°С 
meso-2,3-Dibromobutane E (cis) Z (trans) 

2-Bromo-2-butene 
[messe 


meso-2,3-Dibromobutane + dl-2,3-Dibromobutane 
22% 78% 


Stereoselectivity has been attributed to formation of a bridged bromine 
radical (recall the bromonium ion, Sec. 15-3A) which is relatively stable at 
—80°С. At 25°C, the bridged intermediates from the Z and E isomers equili- 
brate more rapidly than hydrogen atom abstraction takes place. 


Br 
Жу 
сс 
сни d ен, 
T 


A bridged free radical 


PROBLEM When the radical addition of HBr to Z- or E-2-bromo-2-butene is carried 
24-17 out using a low concentration of HBr, stereoselectivity is lost, even at 
—80*C. Provide an explanation for this experimental observation. 


PROBLEM Radical substitution of bromine on 1-bromo-2-methylbutane produces 
24-18 1,2-dibromo-2-methylbutane. If the starting material is optically active, 
the product shows a high degree of retention of configuration. Explain 

this unusual stereospecificity for a free-radical process. 


Thiols add to alkenes in a manner analogous to hydrogen bromide. 
Anti-Markovnikov addition predominates unless special precautions, such as 
addition of a radical scavenger, are taken to inhibit the radical pathway. 


pereside e Ha CHICHiSC;Hs 
A 
n-C,H,gCH=CH, + C4H.SH SC,H; 
agp CHCH, 


scavenger 
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PROBLEM 


24-19 


PROBLEM 
24-20 


Radical addition to carbon-carbon multiple bonds is of considerable eco- 
nomic importance, for it is the basis for most vinyl polymerization processes. 
Typically a free-radical initiator adds to a molecule of alkene to begin a chain 
reaction. A large number of additional alkene molecules may add before the 
radical chain terminates. We will consider the preparation and properties of 
polymers in Chap. 25. 

(С;Н,СО,), —*+ 2C,H,- + 2CO, 
Benzoyl peroxide 


(Initiator) 


nC,H,CH=CH, 
I 


CH; um CH,CH,C,H, 
C,H; n 


Polystyrene 


CH; + CH,—CHC,H, — C,H,CH,—CHC,H, 
Styrene 


Why is the initial adduct in benzoyl peroxide-initiated polystyrene 


formation C,H,CH;CHCH; rather than -CH,CH(C,Hs)2? 


Radicals derived by atom abstraction from aldehydes and halomethanes 
can be synthetically useful in their additions to carbon—carbon multiple bonds. 
It is often necessary to use a large excess of the aldehyde or halomethane 
reagent in order to minimize polymerization that can result from reaction of 
the radical adduct with unreacted alkene. 


"-C,HiCH—CH, + CHCl, Femo Peroxide, „СН Cu CH CC] 
Br 
C,H,CH—CH, + BrCCI, ASO" Perowide , c yr CHCH,CCI, 


о 
M" | 
1-C,H,4CH—CH, + n-C,H;CHO -Di-tbutyl peroxide, C HSCHCHI CH, 


Predict the major product from each of the following free-radical reac- 
tions: 


а CH,CH,CH=CH, + CH,COCH, Ach! peroxide , 
b n-CgH,;CH=CH, + ССІ, Ace! peroxide , 


с CH,—CH, "m CE Benzoyl peroxide 
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d n-C,Hj,CH—CH, + (CHj,CHOH РЕЧИ peroxide , 


e CH,CH,CH=CH, + n-C,H,CHO 56071 Peroxide , 


D. Oxidation 


PROBLEM 
24-21 


Many oxidation-reduction reactions of organic compounds are believed 
to proceed by free-radical pathways. The industrial oxidation of hydrocarbons 
is often carried out at high temperatures in the presence of air. Thermal for- 
mation of free radicals, often in the presence of added initiators, begins chain 
processes leading to hydroperoxides. Cleavage of the oxygen-oxygen bonds 
of the hydroperoxides and degradation of the resulting alkoxyl radicals pro- 
duces aldehydes and ketones which are further oxidized to carboxylic acids. 
Acetic acid is formed from butane by this sequence in one important indus- 
trial process, 


о—о. 
: | 
CH,CH,CH,CH, P , CH,CHCH,CH, -22> CH,CHCH,CH, -Eech 
O—OH 


CH,CHCH,CH, + CH,CHCH,CH; 
2-Butyl hydroperoxide 


: OX On 


CH,CHCH,CH, —» CH,CHCH,CH, + НО: 


Таг 
CH,CHY“CH,CH, —> CH,CHO + : CH;CH; 
{ 
{ 
CH,CO,H 


The industrial oxidation of hydrocarbon feedstock containing a high 
concentration of pentane and hexane produces mixtures of formic, 


acetic, and propionic acids. Indicate the origin of these products. 


Oxidation of an aldehyde to a carboxylic acid in the presence of air be- 
gins by the free-radical formation of a peroxy acid. Abstraction of the alde- 
hydic proton initiates the chain process. The carboxylic acid is actually formed 
by a disproportionation reaction between the peroxy acid and aldehyde, a 
sequence that probably does not involve radicals. 
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CH, ^ 
о $ о о 
( и 2 Й, 
CH, dem, сн cf Oa, e ан +сң„” 
оо оон 
Chain 
propagation 
о o 
VA 2 7 
ЕНЕ осн 
оон BH OH 


PROBLEM The disproportionation reaction between an aldehyde and peroxy acid 
24-22 is believed to take place through the adduct A. Show how this adduct 
might be formed and then how it can lead to two molecules of carbox- 

ylic acid. 


о ОН 
re—o—0—CHR 


A 


The slow oxidation of compounds in the presence of oxygen is known as 
autoxidation. Deterioration of most organic materials when exposed to air 
and sunlight is due largely to photosensitized autoxidation. Antioxidants 
(Sec. 24-2B) are commonly included in formulations for rubber and plastic 
materials to reduce this degradation process. 

Unsaturated hydrocarbons undergo autoxidation because their allylic 
hydrogen atoms are readily abstracted. The sequence is initiated by light 
(Chap. 27) or other promoters that activate traces of potential radical initiators 
present in the air. Molecular oxygen (О,) does not initiate these processes, 
since it is not a good hydrogen-abstracting reagent. 


OOH 
C + о, нө 
3-Cyclohexenyl 
hydroperoxide 
OH 
Initiate 
Де i о; id 
Tetralin a-Tetralyl 
(1,2,3,4- Tetrahydronaphthalene) hydroperoxide 


Autoxidation accounts for the drying of many kinds of paints. The dry- 
ing oils present in the coating materials are unsaturated vegetable oils such as 


PROBLEM 
24-23 


PROBLEM 


24-24 


PROBLEM 
24-25 
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linseed oil (Table 23-2). Autoxidation produces allylic free radicals which 
dimerize to produce high-molecular-weight hard polymers. 


Tung oil, which is composed over 90% of the fatty acid 9,11,13- 
octadecatrienoic acid (eleostearic acid), is a better drier for paints than 


is linseed oil (Table 23-2). What structural feature can account for that 
fact? 


Rancidity in foods also is the result of autoxidation. The unsaturated 
fatty acid chains of lipids (Chap. 23) oxidize and degrade to produce low- 
molecular-weight carboxylic acids, most of which have very unpleasant 
odors. Antioxidants are added to prepared foods to minimize this type of 
spoilage. Most vegetable oils contain small amounts of tocopherols (Sec. 28- 
2C), natural phenolic antioxidants of terpene origin. The tocopherol vitamin E 
is believed to inhibit free-radical oxidation of lipid membranes and, in this 
way, may be associated with the inhibition of aging. 


Show how autoxidation of an oil containing linolenic acid can lead to 


3-hexenoic acid, an unpleasant-smelling component of many rancid 
vegetable oils. 


Ethers readily form hydroperoxides and peroxides through autoxida- 
tion. These oxidation products can be extremely explosive and are a concern 
when ethers are used in the laboratory. The widely used solvent diethyl ether 
is treated with an antioxidant before packaging in cans or bottles. Diisopropyl 
ether forms peroxides more readily than other common ethers and can be 
particularly hazardous. It is best not to store containers of ether on laboratory 
shelves for long periods of time. 

OOH 


(CH), CHOCH(CH,), + о, E, (CH), COCH(CH,), — 


ii Diisopropyl ether 
Diisopropyl ether Wsdlopetóxitie 


и У 
(СНУ. (CH АЯ 
O—O 


Diisopropyl ether peroxide 


Why would you expect diisopropyl ether to form a hydroperoxide more 
rapidly than diethyl ether? 
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E. Reduction 


Reactions which use a metal as the electron source are among the oldest 
methods for reducing organic compounds, particularly those which possess a 
m-electron system. Before development of the metal hydrides, reduction of 
carbonyl groups by alkali metals was widely used. Reductions by alkali metals 
are known as dissolving metal reductions, since dissolution of the metal oc- 
curs as reduction proceeds. 

Dissolving metal reduction of a carbonyl group begins with the transfer 
of an electron from the metal to the carbonyl group. A radical anion, com- 
monly known as a ketyl, is formed as the metal atom is oxidized to a cation. 
Protonation produces an electrically neutral free-radical species which is re- 
duced to a carbanion by a second atom of the metal. A second protonation of 
the very basic carbanion completes the process. Although the evolution of 
gaseous hydrogen usually accompanies these reactions, reduction is not due 
to the production of molecular hydrogen. 


SON :0 :-Ма+ ОН 
CH,CH,CCH, + №: — CH,CH,CCH, I, CH,CH,CCH, mes, 
A ketyl 
OH :O:-Na* OH 


| | | 
CH,CH,CCH; Nat —> CH,CH,CHCH, М“ CH,CH,CHCH, 


Carbonyl reductions are normally carried out in an alcohol or an amine 
medium (sometimes liquid ammonia) so that the solvent can provide the re- 
quired proton. Aldehydes, ketones, and esters are readily reduced by this 
method. Isolated double bonds are not affected, though conjugated double 
bonds can be reduced by a process which is essentially a radical 1,4-conjugate 
addition. The carbonyl group is not reduced in this case. 

Addition of the components of hydrogen to the triple bond of alkynes 
using sodium in liquid ammonia proceeds stereospecifically by an anti path- 
way. This contrasts with the syn addition of catalytic hydrogenation. 


( n И. б wy ms 


Cycloheptanone Cycloheptanol 


Ni 
n-CsH,3CO,C,H, Aer, 1-CH,,CH,OH 
Ethyl heptanoate 1-Heptanol 


Tis Ni 
CH,(CH,),C=C(CH,),CH, SAO, CH cn) cu cH) cH, 
5-Decyne E-5-Decene (trans) 


ep _L/NH,() ex 
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If the radical anion is stabilized or a proton source is not readily avail- 
able, dimerization of the intermediate may occur. The dimerization reaction is 
particularly favorable in aprotic solvents and with metals, such as aluminum, 
zinc, and magnesium, which form disalts. (These metals are commonly used 
in the form of an amalgam, the metal-mercury alloy.) The dimer is the 
dialkoxide of a 1,2-diol. Protonation produces a pinacol. 


(C,H,C—O .K/E&O , (CH), C—O :-K* 


Benzophenone Benzophenone ketyl 
Ko :0:-К+ |. он он 
2(C,H,C—O : -K* > (C; H3); C(CgHs)o mo, (C4H3),C— C(CeH3) 
Benzpinacol 
9 Ta OH 
My H,/A 
2CH,CCH; D Metu cnn, (CH, C— C(CHj); 
) Hs Pinacol 


Suggest a mechanism for each of the following reactions: 


a CH,(CH,),CH=CH(CH,),CO, Et “OH, 


CH,(CH,),CH=CH(CH,),CH,OH 


О 
С 1/кїОЮН-МН,(@й) О 
CH; CH; 


л) Mg/C,H, 
H 


OH OH 


| 
c 2C,H,CCH(CHj), > CE ВЕСНЕ 


2) H,O 


(CH,),CH . CH(CH3); 


Esters undergo a related reduction known as the acyloin reaction. The 
reaction product is an a-hydroxy ketone, an acyloin. This process, when car- 
ried out with a diester, has been particularly useful for the synthesis of large 
cyclic structures. The diester is added very slowly to the rapidly stirring mix- 
ture of sodium metal in the hot solvent. Such high dilution is necessary to 
favor intramolecular cyclization rather than an intermolecular reaction. 


CHOH 
Ni lene/A 
CH,O,C(CH,)sCO,CH, .3) Na/xylene/A „ го 


A cyclic acyloin 
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PROBLEM 


24-27 


PROBLEM 
24-28 


The acyloin reaction was used to prepare a rather novel structure known 
as a catenane—two or more rings held together like links in a chain. The 
acyloin from a long-chain diester was reduced using the Clemmensen reduc- 
tion with DCI to produce a C34 ring labeled with deuterium. This cyclic prod- 
uct was then employed as a part of the solvent in which a second acyloin 
reaction was carried out. About 1 percent of the second ring closure took 
place through the original deuterium-labeled ring to produce the catenane. 


о 
ЕЮ,С(СНУ СО, peel On ра; 
: (CH); 
1) Е,С(СН,),,СО,Е: (СН,)зз 
sC(CH,),,CO 
(Cs; Has... D;) 2) Na/xylene/A (СзаНев.:О,) LO 
3) HO 


А catenane 


What was the purpose of using deuterium in the reduction of the first 


ring in the catenane-forming reaction above? 


Suggest a mechanism for the acyloin reaction. Note that four atoms of 


sodium are required for dimerization of two ester groups. 


Reduction of aromatic rings with sodium or lithium metal is a very use- 
ful method for producing the dihydro or tetrahydro compound. The reaction 
is known as the Birch reduction. Birch reductions are normally carried out in 
liquid ammonia. When alcohol is present as a proton source, the noncon- 
jugated dihydro product forms. With a weaker proton source, such as an 
amine, reduction usually proceeds to the cyclohexene. If the aromatic ring has 
alkyl or alkoxy substituents they are usually found at one of the unsaturated 
carbon atoms of the tetrahydro product. Complete reduction to a hexahydro 
product can also be accomplished in some cases. 


Ho н н HH H H 
(7) wa") кюн, С) m 6 EtOH 9 
— — 
H H Hoke HOH 
e 
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CH,CH,OH CH,CH,OH 


1) Li/CH,NH, 
2) H,O : 


Draw the structural formula(s) of the major product(s) that would be 
expected from each of the following reactions. 


CH; 
à С Li/EtOH-NH,() 


1) Li/CH,NH, 


1) Mg(Hg)/C Hs 
2) HjO* 


а H,C,0,C(CH),CO,C,H, SO", 


CO,CH, 
1) Na/EtOH-NH;(I) 
CH,CO,H 


Detection of Free Radicals 


We have presented considerable chemical evidence for the existence of 
free radicals. It is also possible to detect free radicals using electron paramag- 
netic resonance (EPR) spectroscopy, also referred to as electron spin reso- 
nance (ESR). EPR is a type of magnetic spectroscopy that is closely related to 
NMR (Appendix). 

The basis of the EPR method is that a magnetic moment is associated 
with the spin of an unpaired electron. The magnetic moment can take one of 
two orientations in a magnetic field as specified by the magnetic quantum 
numbers +15. The two orientations in the magnetic field are conceptually 
similar to the two spin orientations of a hydrogen nucleus which provided the 
basis for proton-NMR. Because the magnetogyric ratio of an electron is about 
1,000 times that of a proton, typical EPR spectrometers operate at higher 
frequencies than do NMR instruments. Irradiation usually is accomplished 
with a microwave generator. 
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EPR spectra, like their NMR counterparts, are usually recorded with the 
magnetic field increasing from left to right. The position of resonance is desig- 
nated in gauss. Resonance peaks are recorded as the mathematical first deriv- 
ative of the absorption curve in order to provide a better signal-to-noise ratio. 


Aa aida 


Absorption curve First-derivative absorption curve 


Magnetic nuclei in the radical species can give rise to hyperfine splitting 
of the absorption peak in analogy to NMR spin-spin splitting. If a single 
hydrogen nucleus is adjacent to the unpaired electron, a doublet results. The 
methyl free radical gives a four-line EPR spectrum (Fig. 24-2a) as a result of 
interaction between the electron and three equivalent hydrogen nuclei. The 
area ratios are 1:3:3:1. Benzene radical anion has a seven-line EPR pattern 
(Fig. 24-2b). Because the electron is delocalized through the aromatic system, 
it experiences the effect of six equivalent hydrogen nuclei. 

Although the EPR method is sensitive enough to detect free-radical spe- 
cies at a concentration of 1071? molar, many free radicals are not sufficiently 
long-lived to attain a concentration even that low. A technique which has 
been used to detect free radicals, particularly in compounds of biological in- 
terest, is known as spin trapping. In this method a diamagnetic group capa- 
ble of reacting rapidly with the free radical, to itself become a relatively long- 
lived radical, is introduced into the reaction. That group may be added as a 
Separate compound or introduced as a substituent on the molecule actually 
being investigated. The nitroso group is commonly used because it readily 
forms a relatively stable nitroxyl free radical. The nitroxyl radical is actually 


FIGURE 24-2 

EPR spectra of 
(a) methyl free 
radical and 

(b) benzene rad- 
ical anion. 


23 gauss 


(а) 
3.8 gauss 


H 
H H 
H H 
H 
(b) 
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observed by the EPR spectrometer and can usually provide information about 
the original free radical. 


R 
веб, Жо: 
ef 
A nitroxyl free radical 


Another method developed to facilitate study of free-radical processes is 
known as chemically induced dynamic nuclear polarization (CIDNP). It is 
actually an NMR method based on the fact that the presence of an unpaired 
electron in a molecule perturbs the normal nuclear spin states. The NMR 
spectrum can consequently become rather unusual and show a series of ab- 
sorption and emission (downward) peaks. The appealing characteristic of the 
CIDNP technique is that the stable product of a reaction rather than a tran- 
sient radical intermediate is observed. Applications of the method are limited, 
and broad understanding of the applications remains to be developed. 


a What kind of EPR spectrum does a hydrogen atom give? 


b Predict the pattern for the EPR spectrum of the radical anion A de- 
rived from dihydroxyfumaric acid. 


p 79 
“со,н 
А 


c Hyperfine coupling constants due to a hydrogen atom on a carbon- 
centered free radical are typically 20-25 gauss. Account for the 3.8 
gauss value in the case of coupling of the benzene radical anion (Fig. 
24-2b). 

d Suggest an explanation for the fact that the hyperfine coupling con- 
stant for the hydrogen atom is 500 gauss, which is considerably 
greater than that observed for hydrogen coupled to an adjacent 
carbon-centered radical. 


24-5 Summary 


A free radical is a chemical species which possesses an unpaired elec- 
tron. Most organic radicals are intermediates that are highly reactive. Free 
radicals are formed by homolysis of chemical bonds usually promoted by heat 
or light. Diacyl and dialkyl peroxides and azo compounds are among the most 
common radical initiators. One free-radical species can promote formation of 
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another free radical through various atom abstraction and addition reactions. 
Many free-radical processes are chain reactions in which each product-form- 
ing step generates a free radical which propagates the sequence. 

Reactivity in free-radical reactions is related to the energies of bonds 
being broken or formed as well as steric factors. Free radicals are classed as 
persistent if they are relatively long-lived, irrespective of their intrinsic ther- 
modynamic stability. Substituent and solvent effects on reactivity of these 
electrically neutral species are relatively small, though in some cases polar 
transition states have been proposed. 

Substitutions, additions, and fragmentations resemble most closely the 
ionic process considered earlier. Oxidations and reductions commonly in- 
volve electron transfer from or to a metal in the medium. Autoxidation by 
oxygen in the air is a common process of degradation of organic compounds. 
Initially formed hydroperoxides undergo O—O bond cleavage to produce 
new radicals. Ultimately, carbon-carbon bond cleavage leads to the produc- 
tion of aldehydes, ketones, and then carboxylic acids. Unsaturated fatty acids 
are degraded by this process. 

Reductions using metals as the electron source can be carried out with 
various unsaturated compounds. Benzenoid compounds are usually reduced 
to their dihydro- or tetrahydro derivatives. In some cases dimerization accom- 
panies reduction. Compounds that contain carbonyl groups are reduced to 
alcohols, although dimerization can lead to pinacols from aldehydes or ke- 
tones and acyloins from esters. 
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24-31 Predict the major product of each of the following reactions. 
а CH,CHO + CH,=CHCH,O,CCH, С», 


CH, 


СН,),СО] 
b C,H,SH + e нео, 


с N—Br + GH,CH,CH—CHCH, Peroxides , 


24-32 


24-33 
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fel 
e C,H,SH + Cy Iso, 


CH; 


С = Ме y 


TOHO) 


Formulate reasonable mechanisms for the following reactions: 


OOH 
So. 08 
OH 

О + CsH;CH,CH,C,H, -А> o + C,H;CH=CHC,H, 
ÓH 


T CN CN 


s | 
(CH, —N—N-QCH)) жес; (CH3,C—C(CH3); + № 
НВг 


> 


= 


n 


d CH,—CH "ep ыыр? BrCH,—CH—CH—CH, 
—12°С 
Os, 
SC,H; 
Peroxides 

в C,H,SH + f Tenet, 
Explain the relative rates of radical addition of HBr to the following alkenes. 

Alkene Relative Rate 
Eee 
Ethylene 1 
Propylene 15 
1-Butene 20 
2-Butene 69 


2-Methylpropene 286 
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24-34 Evidence to support the suggestion that benzoyl peroxide decomposes through a ben- 
zoyloxyl radical was obtained by observing that the oxygen scrambles in 8O-labeled 


peroxide. 
(КОЙ 
нс O-O- CCH > 
О © о о s 
|| ] L 4 [| жый! 
C,H,C—0—0—C—GH, + C;H,C—*0—*0—CGH, + CH,C—0—*0—C—C,H, 


(а) (b) (©) 


а Show how this scrambling is consistent with the mechanistic proposal. 
b It has been pointed out that a concerted, nonradical pathway also could account for 
the scrambling. Show such a nonradical pathway. 


24-35 а Much interest has been directed toward the possible role of vitamin E in preventing 
aging in mammals. Vitamin E is known to be a natural antioxidant and thus could 


inhibit free-radical degradation of cellular materials. Show how vitamin E might 
function as a radical-chain inhibitor. 


3 


CH, o, C Hs CH, 
CH, CH,CH,CHCH H 


HO 
CH, 
Vitamin E 


b Coenzyme Q can often be used to treat diseases caused by a vitamin E deficiency. 


Discuss how this coenzyme might function as a free-radical Scavenger after reduc- 
tion of the quinone by NADH. 


О 
CHO CH, 
CH, 
CH,O ia me 
О 
Coenzyme О 


24-36 Formulate reasonable mechanisms for the following reactions: 
а [CH,-CH(O z 
[CH;—CH(CH3,CO,], "GHCH," 
CH,=CH(CH,),CH, + CH,=CHCH,CH,CH=CH, + 


CH,=CH(CH,)sCH=CH, + ut + (<, + C,H,CH,CH;C;Hs 
3 


CH, єн 
b GH;—C—CICH), =. GH;CHCI + (сну,с=о 
H Ód 
Optically active Racemic 
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H Hs 


© о, 
сн; с—оосн, CH,CHI(CH)), 


E ahs EN ye 
сы с=с + СеН.С=СН, + CHOH 
C.H; CH | 


5 сн; CH; 


Br 


i. NBS | 
d CH,CH,CH,CH—CHCH, нео» CH,CH,CHCH=CHCH, 


cl 


| 
е C,H,CH,CH;CH, < 5036 С H,CHCH;CH; 


—5 
(C;H,CO;), 


Е (CH,),CH + са, 19%, (снууса + HCCI, 


24-37 Heating azo compound A in a hydrocarbon solvent such as hexane gives principally 


dimer B. 
CN CN ^ CN CN 
NZN — + № 
B 


A 


When bromine is added, 50-70% C is obtained along with B. Furthermore, the addi- 
tion of excess bromine does not increase the amount of C over 70%. 


Br 
c 


Provide a mechanism and an explanation for the experimental results. 


*24-38 Опе of the many products recovered from the chlorination of propane is a pentachlo- 
ropropane with a 1H-NMR spectrum having a doublet at 6.1 ppm and a triplet at 
4.5 ppm in a ratio of 2:1. Identify this compound. 


"24-39  2,4,6-Tri-tert-butylphenol, when oxidized with peroxyl radicals in the presence of 1,3- 
butadiene, gives a highly colored product (СН О). The complex 1H-NMR spectrum 
of this product indicates a total of six olefinic protons. A distinguishing feature in the 
1-2 ppm region is a pair of sharp tert-butyl singlets in the area ratio of 2:1. Suggest a 
structure for this product and discuss its formation. 
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25-1 


Relatively small molecules have provided the basis for most of our study 
of organic chemistry. Yet we know that very. large molecules— 
macromolecules—play an important role in.the chemistry of life processes. 
Polyamides (proteins, Sec. 22-3) and polysaccharides (Sec. 21-3) are struc- 
tural components of living organisms, and they also constitute two of the 
three principal classes of human foodstuffs. Nucleic acids (Sec. 22-3) are the 
macromolecules responsible for transmission of genetic characteristics in liv- 
ing organisms. 

Macromolecules of synthetic origin also affect our lives. The materials 
known as plastics serve us in a variety of ways. They are used as structural 
materials, as fibers, and as protective films. They seem indispensable to the 
modern world. The quantity of polymeric materials marketed by the chemical 
industry far exceeds the amount of all other synthetic organic chemicals. The 
economic impact of those materials is such that over one-third of the chemists 
employed by industry are in some way associated with the production of 
macromolecules. 

The large molecules are composed of many small units known as mono- 
mers. The chemical combination of many monomers leads to the macromole- 
cules which are known as polymers. We will find that the reactions by which 
monomers combine are the same reactions we have studied in earlier chapters 
of this text. The physical characteristics of polymers can be related to the 
nature of the monomer units as well as specific intra- and intermolecular 
interactions within the macromolecules. 


Structural Characteristics 


Before 1930, polymers were believed to be colloidal aggregates of many 
small molecules. Their properties were attributed to various attractive forces 
which held the components together. The pioneering work of Hermann 
Staudinger provided a basis for our modern understanding of polymers, for it 
was Staudinger who showed that polymers are actually macromolecules. 
Staudinger received the Nobel prize for chemistry in 1953 for his work, and 
Paul Flory was awarded the 1974 Nobel prize for chemistry for developing 
methods for studying properties of macromolecules. 
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А. The Covalent Backbone 


Polymers are composed of sequences of repeating monomer units con- 
nected by covalent bonds. When all monomer units are identical, a homo- 
polymer is formed. Copolymers consist of more than one kind of monomer 
unit. The units of copolymers can be arranged in a variety of ways. 


nA > A—A—A~A—A—A = A(A), „А 
Monomer A homopolymer 
nA + nB —> A—B—A—B~—A—B—A—B = A(B — A), ,B 
A copolymer 


The number n indicates the degree of polymerization; i.e., the number of 
monomer molecules that combine to form a particular macromolecule. Both 
polymers depicted above are linear arrays of monomer units. In a linear poly- 
mer, every monomer (other than the two terminal units) must form a bond at 
each of its ends. Another arrangement of monomer units leads to a branched 
polymer. Branched polymers contain some monomer units with three or 
more points of covalent bonding to other monomer units. 

Bonds between polymer chains are known as cross-links. Cross-links 
may form during the initial polymerization process or by subsequent reac- 
tions between polymer chains. Functional groups along the polymer chains 
must be activated when cross-linking occurs after initial polymerization. In 
some cases, the functional groups of the monomers form the cross-links; in 
others, additional small molecules are added to promote and participate 
in the cross-linking process. 


| 
—A—B—B—A—B—B— 


PROBLEM 
25-1 


(i) Indicate which of the following polymer structures are homopoly- 
mers and which are copolymers; (ii) mark the bonds that connect mono- 
mer units; (iii) indicate the cross-links if any are present. 


а ~CH,—O—CH,—O—CH,—O—CH,—0-~~ 
7 | 
b ~-O—CH,—CH,—O. l CH,—CH,—CH,—CH,—C 


о 


7 T 
O—CH,—CH,—O сн, CH,—CH,—CH;-C— 


a с cl 
с бн сн, Сн CH, ён СН;-- 
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cl a a 
d —CH, Сен CH,—CH,—C=CH—CH,—CH,—C=CH—CH,~~ 


} 


о 
| 
e ~O—CH, CH CH,—O bo CH, ён CH,—O~ 
in 
со 


~O—CH, ён сн, 


Сенс с 
f WE eru) ca guste Drs mi сш осн СН, 
O,CH, CO,CH, 


Although a large number of polymer structures are known, only a few 
general types are of broad importance. The polymeric hydrocarbons formed 
from alkene monomers probably represent the largest industrial output of 
polymers. Polyethylene, polypropylene, and polystyrene fall into this cate- 


gory. 
fiim 
CH—CH } 


Polyamides are exemplified by the synthetic polymers such as nylon and the 
natural protein polymers such as wool. 


mers 


Polyesters, the component of many synthetic fibers, are a third general struc- 


tural type. 
о 
(< 
| o-] jos 


n 


‚ Physical Properties 


The principal characteristics associated with polymers are a consequence 
of the nature and covalent arrangement of the monomer units. In the case of 
proteins the sequence of specific monomers is referred to as the primary 
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structure (Sec. 22-3). However, the covalent bonds do not account for all of 
the observed properties of most polymers. Weaker intermolecular forces be- 
tween polymer chains must also be considered. Hydrogen bonding, electro- 
static interactions, and van der Waals forces are believed to be the most im- 
portant of these "weak" interactions. 

Bonding and nonbonding interactions lead to polymers with a variety of 
physical characteristics. Some, like polyvinyl chloride and the cellulose-lignin 
of wood, are sufficiently hard and strong to be used as building materials. 
Bakelite is hard but is also brittle, and so it is limited to use in forming small 
items in which the strength is not critical. The synthetic polyamide nylon and 
the natural polyamide silk have excellent tensile strength when formed into 
fibers. Polymers such as rubber are known as elastomers. Elastomers are soft, 
yet sufficiently elastic that they rebound to their original shape after being 
distorted. 

One classification of polymers is based on behavior when heated. Poly- 
mers that soften or melt and then solidify and regain their original properties 
on cooling are thermoplastic. Polymers that soften or melt on warming and 
then become infusible solids are thermosetting. The latter term implies that 
thermal decomposition has not taken place. 

Thermosetting polymers become rigid on heating because of cross-link- 
ing or further polymerization. Functional groups that remain after incomplete 
polymerization are one source of the reactive centers required for thermoset- 
ting. 

The flow or melting property of a polymer is important in respect to its 
use in commercial products. Many molding plastics are shaped while molten 
and are then heated further to thermoset and become rigid solids of desired 
Shapes. Various polymer resins can undergo reaction to become solid when 
treated with an initiator, often a peroxide, without extensive heating, in a 
process which resembles thermosetting. 

Chemical treatment of natural rubber is illustrative of one of the types of 
processing used to improve the properties of polymers. Rubber latex is a 
colloidal suspension of polyisoprene (Sec. 23-2) obtained from certain plants 
native to tropical regions. Hevea rubber, a natural rubber composed of Z- 
polyisoprene, is a long hydrocarbon chain of 1,000 to 5,000 isoprene units. 


Ne pa 
7 fa 


Z-Polyisoprene 


The polyisoprene chains are randomly coiled and bound together by 
intermolecular van der Waals forces. Because the intermolecular forces are 
very weak, an external deforming force not only stretches the coiled polymers 
but allows them to slip past each other in a process known as plastic flow. 
When the force is released, the polymer chains do not completely return to 
their original positions. 

In order to make natural rubber more elastic, it is heated with sulfur in a 
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| process known as vulcanization. Sulfide and disulfide cross-links form be- 
tween the polyisoprene chains and provide sufficient rigidity to prevent plas- 
tic flow. Soft rubber contains 1-2% sulfur. If too much cross-linking takes 
place, the rubber becomes a rigid solid and loses its elastomer properties. 
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PROBLEM The rubber vulcanization process is usually accelerated by the addition 
25-2 of а free-radical initiator. How is this consistent with the position of 
the disulfide bond illustrated in the equation above? 


PROBLEM One of the first methods used to elucidate the structure of natural rub- 
25-3 ber was ozonolysis. Oxidative work-up of the ozonolysis reaction gave 
4-oxopentanoic acid (levulinic acid). 


a Show how this result supports a head-to-tail polyisoprene structure. 


b What ozonolysis products would be obtained if rubber also con- 
tained head-to-head polymer segments, if it contained tail-to-tail- 
polymer segments (Sec. 23-2А)? 


The physical properties of polymers are often modified by additives that 
are mixed with the polymer to improve its working qualities. Plasticizers are 
relatively nonvolatile liquids which intrude between polymer chains. They 
must be compatible with the polymer to minimize their bleeding out over 
long periods of time. Plasticized polymers tend to be more flexible than the 
pure polymer. Diisooctyl phthalate is a common plasticizer. Stabilizers and 
antioxidants are used to extend polymer lifetimes. Lubricants such as fatty 
acids are added to reduce the surface tension and improve the handling quali- 


ties of plastic films. 


C. Crystallinity 


A particular polymer is not made up of a single molecular species. 
Rather, polymers are mixtures of macromolecules with similar structures and 
molecular weights that exhibit some average characteristic properties. Poly- 
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mers therefore do not crystallize in exactly the same way “рше” compounds 
do. The packing of identical molecules required to form precise crystal struc- 
tures is only partially attained. 

Yet some polymers have many of the physical characteristics of crystals 
and are said to be crystalline. Long segments of linear polymer chains may be 
oriented in a regular manner with respect to one another. Such crystalline 
regions of a polymer are referred to as crystallites. Amorphous, noncrystal- 
line regions lie between the crystallites and constitute defects in the crystal- 
line structure. 

Polymers that have polar functional groups show considerable tendency 
to be crystalline. Orientation is aided by alignment of dipoles on different 
chains. Many proteins can be crystallized because of their regular helical 
structure. The order imposed by hydrogen bonds is a further inducement to 
crystallinity. 

Polar groups are not, however, a necessary prerequisite to crystalliza- 
tion. Crystalline polyethylene and polypropylene can be prepared. The van 
der Waals interactions between the long hydrocarbon chains provide suffi- 
cient total attractive energy to account for a high degree of regularity within 
the polymers. Irregularities such as branch points, differences in copolymer 
units, and cross-links lead to amorphous polymers. 

Crystalline polymers usually are relatively strong and nonelastic and 
have characteristic melting points. The synthetic fibers nylon and Dacron are 
characteristic crystalline polymers. Amorphous polymers do not have true 
melting points but instead have glass transition temperatures at which the 
rigid, glasslike material becomes a viscous liquid. 


. Stereochemistry 


Spatial configurations of polymer molecules have a critical effect upon 
the physical properties of the polymer. Again consider the structure of natu- 
ral rubber. The molecules of Z-polyisoprene are prevented from packing to- 
gether in an ordered manner by steric hindrance between the chains and 
methyl groups. The structure is amorphous, as is typical of elastomers. By 
contrast, the natural rubber stereoisomer with the E configuration at all dou- 
ble bonds (gutta-percha rubber) is a rigid crystalline material. Molecules lie 
close to each other because the side-chain methyl groups seem to fit into the 
zig-zag arrangement of an adjacent chain. 
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E-Polyisoprene 
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Polypropylene provides an example of the influence of chiral centers on 
the physical properties of a polymer. When propylene polymerizes, the num- 
ber two carbon of each monomer unit becomes chiral. 


Qs 
nCH,=CHCH,, > —|—CH, a 
н /n 


Three spatial arrangements of the chiral centers (Fig. 25-1) can result from the 
polymerization process: 


1 Atactic, in which the configurations are random along the polymer chain 
2 Isotactic, in which the configurations at all chiral centers are identical 
3 Syndiotactic, in which the configurations at chiral centers alternate 


Each of these kinds of polypropylene stereoisomers has been prepared. 
The regular structures of the isotactic and syndiotactic polymers lead to hard, 
crystalline materials. The random configurational repetition along the atactic 
polymer chain results in a soft, amorphous, elastic material. 


FIGURE 25-1 
Configurations 
of polypropyl- 


ene. 
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Preparation of Synthetic Polymers 


The industrial preparations of polymers from monomer units proceed 
by free-radical and ionic pathways already familiar to us and by processes 
catalyzed with transition metal complexes. Once the basic chemical backbone 
of a polymer has evolved, development of suitable process techniques be- 
comes the key to a satisfactory commercial product. Formation of polymers 
may involve continuous or batch process reactions of gases or liquids under 
homogeneous or heterogeneous conditions. Low-density polyethylene (Sec. 
25-2D) is, for example, prepared by feeding ethylene, under pressure, plus a 
catalytic amount of oxygen, into a long, heated tube reactor. The product 
polymer continuously emerges from the opposite end of the reactor, where it 


is collected and prepared for subsequent usage. 
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А. Classification and Mechanisms of Polymerization 
Reactions 


Polymerization reactions are usually classified in terms of their mecha- 
nisms. The terms chain reaction and step reaction are common descriptions, 
although the older designations addition and condensation also are used. In 
most cases chain reactions are additions and step reactions are condensations. 

Free-radical processes are typical of polymerization chain reactions (Sec. 
24-2). A common example is vinyl polymerization—the addition of one 
carbon-carbon double bond to another. 


nCH,—CH, iter, | (CH, — CH). 
Ethylene Polyethylene 


Free-radical vinyl polymerizations are often initiated by peroxide or azo 
compounds. Propagation continues until dimerization, disproportionation, 
or some other termination reaction ends that particular chain. 


ROOR — RO: 
ү Initiation 
RO: + CH,CO,CH=CH, —э CH,CO,CH—CH,OR 
Vinyl acetate 

nCH,CO,CH=CH, + CH,CO,CHCH,OR —> 

CH,CO,CHCH,—(—CHCH,—), OR Propagation 

CH,CO, 
CH,CO,CHCH,-(-CHCH,—),-OR + CH,CO,CHCH,—(—CHCH,—),—OR —> 
CH,CO, CH,CO; Termination 
RO—(—CH,CH—),—CH,CH—CHCH,—(-CHCH,—),—OR (by dimerization) 


CH,CO, | CH,CO, O,CCH,  O,CCH, 
Polyvinyl acetate 


CH,CO,CHCH,—{—CHCH,—),—OR + CH,CO,CHCH,—(—CHCH,—),—OR SAN 


CH;CO, CH,;CO, 
Termination 


CH,CO,CH—CH—(—CHCH;—),—OR + CH,CO,CH,CH;—(—-CHCH,—),—OR о 


CH,CO, CH,CO, 


Ina chain-reaction polymerization each reaction depends on the preced- 
ing one to provide the reactive center. In the above example, polyvinyl acetate 
formation, addition of a molecule of vinyl acetate to the growing polymer 
chain generates the free-radical reactant for the next step. Monomer is present 
and is being consumed throughout the polymerization process. 

The average molecular weight of the polymer depends on the number of 
monomer units which combine before termination—the so-called chain 


PROBLEM 


25-4 
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length. Chain-transfer agents are commonly used to regulate the molecular 
weight of commercial polymers. These compounds react with the developing 
polymer to interrupt the growth of a particular chain. The products, however, 
are free radicals capable of adding to monomers to initiate formation of new 
chains. The overall effect is to reduce the average molecular weight of the 
polymer without reducing the rate of polymerization. Thiols are commonly 
used as chain-transfer agents. 


~R: + КН — ~RH + К: Termination 

Polymer of one chain 

chain 

R'S: + CH,—CHX —> R'SCH,CHX Initiation of 
another chain 


Inhibitors slow or stop polymerization by reacting with the initiator or 
the growing polymer chain. The free radical formed from an inhibitor must be 
sufficiently unreactive (persistent, Sec. 24-2) that it does not function as a 
chain-transfer reagent and begin another growing chain. p-Benzoquinone is a 
typical free-radical chain inhibitor. The resonance-stabilized free radical 
formed in the process usually dimerizes or disproportionates to produce inert 
products and end the chain process. 


<> etc.| — inert products 


Benzoquinone 


When 1,3-butadiene undergoes free-radical polymerization, two re- 
peating units, A and B, are found in the chain structure. Account for 
the formation of each of those units. 


—CH,—CH—CH—CH,— . ~-C—CH,~ 


CH—CH, 
B 


Anionic and cationic polymerizations of vinyl monomers also take 
place, but they are not as common as the free-radical processes. Ionic polym- 
erizations are usually very fast and exothermic. They are often carried out т a 
low-boiling-point solvent that is allowed to vaporize to help dissipate the heat 
of reaction. 

Typical cationic polymerization initiators are Lewis acids such as boron 
trifluoride, stannic chloride, and aluminum chloride. The boron trifluoride— 
promoted polymerization of 2-methylpropene (isobutylene) is a representa- 
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tive cationic chain reaction. In this example a trace of water or other 
hydroxylic compound is a coinitiator. 


* t 
F. OE 'HEOFI 
sl ets d 2 i Initiation 
BF,OH, + (CH3,C—CH, —> (CH3)3;C ВЕОН 
2-Methylpropene 
(Isobutylene) 


CH, 


A E - > 
(CH,),C BF,OH + n(CH),C=CH, > (CH;),C сњ СН,С(СН;), BFE,OH Propagation 


CH 


CH; 


3Ín-1 
| + - 
(CH3),C— init а —CH4C(CHj, ВЕОН —> 
СН. 
3In-1 Hy CH, 
(CH3,C— уннан —CH,C=CH, + ВЕОН, Termination 
СН, 


PROBLEM 
25-5 


Polyisobutene 


Another possible termination process in the cationic polymerization of 
2-methylpropene is a disproportionation with the monomer to initiate 
another polymer chain. Write a chemical equation for the process. 


Strong bases initiate anionic polymerization of vinyl compounds that 
possess electron-withdrawing substituents. The reaction is essentially one of 
nucleophilic addition to a conjugated double bond (Sec. 16-2). The polymeri- 
zation of acrylonitrile with potassium amide in liquid ammonia is illustrative. 
One molecule of the base is incorporated into each polymer chain, and the 
basic catalyst is regenerated in the termination step. 


CH,—CHCN + K*NH; №, [NH,CH,—CH—C=N: <> 


Acrylonitrile Initiation 


NH,CH,—CH—C-N:-] K+ 
NH,CH,CHCN К+ + nCH,=CHCN —> 


NH,CH,CH— THA -CHCH K+ | Propagation 
CN CN а CN 
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NH,CH,CH— —CH,CH— —CH,CH К+ + NH, —> 
CN CN |. CN 
Termination 
NH,CH,CH— —CH,CH—]—CH,CH,CN + K*NHz 
CN CN jw: 

The polyamides, exemplified by nylon, are formed in chain and step 
reactions. Nylon-6, for example, can be prepared from the monomers capro- 
lactam (6-hexanolactam) or 6-aminohexanoic acid. Reaction of caprolactam 
takes place by an acid-catalyzed chain reaction, and polymerization of the 
amino acid, 6-aminohexanoic acid, is a step reaction. The latter process was 
formerly called a condensation, since a small molecule, water in this case, is 
released at each step. 


o 
: NH 
Caprolactam —(—NH(CH,),CO—);— 
Nylon-6 
—nH,O 
nHjN(CH;),CO,H 


6-Aminohexanoic acid 


Each reaction is essentially independent of the preceding one in step- 
reaction polymerization. Monomers react with each other to give dimers, 
trimers, and larger oligomers, each of which still retains reactive functional 
groups. These oligomers are often called prepolymers. 

In the preparation of nylon-6 by the step reaction, one molecule of 
6-aminohexanoic acid adds to another and the dimer possesses functional 
groups to continue the process. The difference between this process and 
chain polymerization is that here two other molecules of 6-aminohexanoic 
acid can react completely independently of the first reaction to form another 
dimer. As a consequence, monomer is consumed early in the reaction. Chain 
extension takes place by reaction between the oligomer units. Final polymer 
chain length depends on temperature, monomer purity, and reaction time. A 
longer reaction time allows more and more of the initially formed oligomers to 
combine and thus leads to longer chain lengths. The sequence can be de- 
picted by the following scheme. 


nA + nB — FLA—B—)—F’ 
г Oligomerization 
mA + mB —> F-{A—B—)—F’ 


F-CA—B—.-F + FCA—B—-F —> РАВ) —9 etc. — Chain extension 


(Е and Р are terminal functional groups) 
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Preparation of polyurethanes is another example of step-reaction polym- 
erization. Diols and diisocyanates are the usual monomers. 


"HO(CHj,OH + :OCN(CHj,NCO — —L-O(CH),O NH(CH;) NHO-—],—- 
Tetramethylene Hexamethylenediisocyanate А polyurethane 

glycol 

Polymerization of alkene monomers also occurs under conditions which 
do not involve radical, anionic, or cationic mechanisms. Reaction is accom- 
plished using a coordination catalyst involving a transition metal element 
(Sec. 15-4), The common Zeigler-Natta catalyst, for the development of which 
Karl Ziegler and Giulio Natta shared the Nobel prize in chemistry in 1963, is 
formed from titanium tetrachloride and triethyl aluminum. It is an insoluble 
fibrous material and is classified as a heterogeneous catalyst. 


ТІСІ, + (С›Н5)зА! —> Ziegler-Natta catalyst 


A working model for catalysts of this type is based on the observation 
that while titanium tetrachloride alone is not an effective polymerization cata- 
lyst, the titanium atom is the atom to which the alkene coordinates. A tita- 
nium-aluminum metallacycle with bridging chlorine atoms is believed to be 
involved. Ligands around the titanium atom are arranged in an octahedral 
manner with one vacant coordination site. 


Potential coordination site 


The alkene monomer initially forms a pi complex at the vacant coordina- 
tion site on titanium. The key to polymerization is intramolecular insertion of 
the monomer into the titanium-carbon sigma bond. One coordination site is 
vacated, and the process can repeat. 


CH, ‚<Я CH,CH, сн. BET //CH,CH,CH,CH, 
1 


TAG OR 


E — 
GH, Xu ун, СН) - Cl Е 
2 


CH,—CH, 
——» etc. 


Polymerization using a Ziegler-Natta catalyst is usually stereoselective. 
The complex between the metal halides and growing chain functions as a 
template to guide the new monomer molecule into position. The first synthe- 
sis in Z-polyisoprene (Sec. 25-1D) was accomplished using a Ziegler-Natta 
catalyst. 


. Copolymerization 


Copolymerization occurs when a mixture of two or more monomers 
polymerize so that each kind of monomer enters the polymer chain. Such a 
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copolymer may have properties that are quite different from those of a mix- 
ture of the individual homopolymers. The fundamental structure resulting 
from copolymerization depends on the nature of the monomers and the rela- 
tive rates of monomer reactions with the growing polymer chain. 

An interesting example is the free-radical copolymerization of styrene 
and maleic anhydride. Each monomer provides a carbon-carbon double 
bond, so this is a vinyl polymerization. Maleic anhydride does not easily form 
a homopolymer. However, it readily adds to a styryl group at the end of a 
growing polymer chain. Styrene, in turn, is much more reactive with the 
maleic anhydride end group of the chain than it is with a styryl end group. 
The result is that a nearly perfect alternation of monomer units results from 
the styrene-maleic anhydride copolymerization. 


a ARR 
ACC went Sa, Cees Sl FO 
oA So + СёН5СН=СН, —> о о GH; 
Growing polymer chain Styrene Pa polymer chain 
(Maleic anhydride end (Styrl end group) 
group) 
ecco 
—C—C—CH,C с=с 


Maleic anhydride 
HH H нн 


а | | 
СНС 


| 
оо сн, О D 


Growing polymer chain 


==> etc. 


The tendency toward a regular alternation of monomer units is common 
during copolymerization by both free-radical and ionic processes. It is found 
that random copolymerization such as that observed during reaction between 
styrene and butadiene is rather unusual. 


. Typical Synthetic Polymers 


Polyethylene, one of the most common polymers, is produced by two 
general processes. The older, and still widely used, high-pressure process 
involves polymerization of ethylene under very high pressures (about 
2,000 atm) at elevated temperatures (near 200*C). A catalyst, usually oxygen, 
or in some cases a peroxide, initiates a free-radical chain reaction. In the 
oxygen-catalyzed process an induction period is required before reaction be- 
gins. This suggests that an alkyl peroxide is formed first (Sec. 24-3D) and then 
initiates the polymerization. 
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In the 1950s, processes for low-pressure polymerization of polyethylene 
were developed. Catalysts of the Ziegler-Natta type (Sec. 25-2A) allow reac- 
tion to be carried out at 60—70*C at a pressure of about 7 atm. Another low- 
pressure process uses metal oxide catalysts. 

Polyethylene produced at high pressure has a branched structure and 
therefore a low degree of crystalline character. It is slightly elastic and is the 
low-density (0.92 g/mL) form of the plastic. The average molecular weight is 
about 25,000. Low-density polyethylene is widely used for thin plastic films 
and other packaging materials. 

Polyethylene produced at low pressure has a linear structure and exists 
as a high-density (0.96 g/mL) crystalline material. Its higher melting point 
(130°С versus 111°С for the low-density form) allows it to be used for con- 
tainers that require thermal sterilization. 

А newer, low-pressure method for producing low-density polyethylene 
is now attracting considerable interest. The process uses a complex metal 
catalyst and allows polymerization to be carried out below 100°С at only 7-25 
atmospheres of pressure. This process should offer considerable energy sav- 
ings relative to the more common high-pressure methods. 

Polypropylene is prepared using catalysts of the Ziegler-Natta type. 
Most commercial preparations are at least 95 percent isotactic (Sec. 25-1D). 
Polypropylene has many similarities to high-density polyethylene, though its 
melting point is much higher (170°С). 

We have already considered the cationic polymerization of isobutylene 
(Sec. 25-2A). Polyisobutylene is a sticky elastomer which can be used as an 
adhesive. Addition of about 1.5% isoprene (2-methyl-1,3-butadiene) leads to 
a copolymer with some double bonds at which cross-links can form. Vulcani- 
zation of this isobutylene-isoprene copolymer produces butyl rubber. 

Polyvinyl chloride ranks with polyethylene as one of the two major 
plastics produced by the chemical industry. Vinyl chloride (chloroethene), the 
monomer, is polymerized by a free-radical process to produce an atactic, non- 
crystalline polymer with an average molecular weight of about 100,000. The 
homopolymer is rather brittle and is unstable at the temperature required for 
molding (usually above 150*C). 

Polyvinyl chloride becomes a very useful plastic material when blended 
with plasticizers and stabilizers (Sec. 25-1B). Tritolyl phosphate is a major 
commercial plasticizer by virtue of its use with polyvinyl chloride. Copolym- 
erization and careful control of the polymerization process also lead to a prod- 
uct with improved handling properties. Polyvinyl chloride (PVC) is gaining 
wide use in plastic pipe and other building materials. 

Vinyl chloride has received considerable attention since being impli- 
cated as a carcinogen (Sec. 19-1D). The polymer industry has developed 
methods for handling this monomer so as to eliminate the possibility of 
Worker exposure. Once the polymer is formed, there is no evidence that de- 
composition of polyvinyl chloride produces any of the monomer. 


PROBLEM 
25-6 


a Propose a mechanism for the free-radical chain polymerization of 
vinyl chloride. 


PROBLEM 


25-7 
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b Draw a three-dimensional structure for a segment of atactic polyvi- 
nyl chloride. 


One environmental concern in relation to this material is that the 
burning of polyvinyl chloride forms HCl along with other unpleas- 
ant products. Write an equation to show how НСІ evolution might 


n 


Occur. 


Polystyrene is another of the major plastics. Most commercial methods 
of preparation involve a free-radical polymerization of styrene. The product is 
an amorphous, brittle material used for various molded objects. When 
formed as a foam, the rigid material is an excellent thermal insulator known 
as Styrofoam. 

Copolymerization of styrene extends the versatility of the polymer. The 
styrene-butadiene copolymer is an elastomer used as a synthetic rubber. 
Styrene-butadiene-acrylonitrile copolymers can be tough and hard, and they 
have found use as replacements for objects such as metal panels. 

Polystyrene can also be prepared by anionic, cationic, or coordination 
polymerization of styrene. The material prepared using Ziegler-Natta type 
catalysts is isotactic with about 40 percent crystalline character. The isotactic 
polymer has a melting point of 230°C, and atactic polystyrene has a glass 
transition temperature near 85°С. 


Write the chemical equations for anionically (NaNH2/NH;) and cationi- 


cally (BE;) initiated polymerizations of styrene. 


Polystyrene and its copolymers have found use as polymer supports on 
which chemical reactions can be carried out. The phenyl groups may undergo 
electrophilic substitution reactions and thus produce functionalized poly- 
mers. For example, styrene copolymerized with divinyl benzene produces a 
hard, insoluble resin which may be formed into tiny beads. When these poly- 
mer beads are sulfonated, an ion-exchange resin is obtained. 


Ht -0,5 SO; Н+ 


pj 


H+ -0,5 ne \ SO; Н+ 
(eet link 


Pee i 


An ion-exchange resin 
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PROBLEM 
25-8 


Salts, when passed over the sulfonated beads, exchange their cations for 
protons. The sulfonic acid groups are secured to the polymer and function to 
hold the new cation electrostatically. Anion-exchange resins are prepared by 
chloromethylation (Sec. 18-2C) of the original polymer and then conversion of 
the chloroalkane group to a quaternary ammonium salt. 


'H,),N 
К Уо + на >| d \ сна ©з, 
Е 
К У er 


The two types of resin are widely used to conveniently exchange ions in 
solution or to function as reaction catalysts as solutions are passed over them. 
А sequence of two ion-exchange resins is used in commercial water 
deionizers. The first resin exchanges sodium cations for protons to yield НС. 
The second exchanges chloride for hydroxide to produce water. 


HO p Nat. => 0 4 НЕ С 2H,O 


Ht HF ,OH- OH- 
SO; 50; N(CH), Мну» 
LE Xii aues] ci 


Polymethyl methacrylate is prepared by radical polymerization of 
methyl methacrylate (methyl 2-methylpropenoate). It is a hard, highly trans- 
parent, amorphous polymer. The monomer can be partially polymerized to a 
viscous syrup and then poured into sheets. Further heating continues the 
polymerization. The result is a clear plastic sheet known as plexiglass or 
lucite. 


Methyl methacrylate can be prepared from acetone, methanol, and 
HCN. Suggest the steps in this commercially favorable process. 


Polyurethanes are prepared by step polymerization from di- or 
triisocyanates and diols or triols. Reactions of diisocyanates and diols usually 
lead to linear copolymers, and polyisocyanates or polydiols produce 
branched copolymers. Low-molecular-weight esters with terminal hydroxy 
groups are typical monomer diols. 


О fe) 
| ll 
HOCH,CH,OC(CH,),COCH,CH,OH + OCN: NCO — 


A polyurethane repeating unit 
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Since there is a wide range of potential polyurethane structures, materi- 
als can be designed for very different applications. We are probably most 
familiar with polyurethane foams used as paddings and cushions. Addition 
of small amounts of water during polymerization hydrolyzes some of the 
isocyanate groups, and the СО, gas released expands the mixture to give a 
spongelike material. Hard protective surfaces are obtained when polyure- 
thane resin coatings are “cured” after application to wood and other building 
materials. 

One of the more interesting applications of polyurethanes is in Spandex 
stretch fibers (Sec. 25-3). The combination of "hard" and "soft" segments of 
polyurethane produces a block copolymer, a series of repeating oligomer 
segments which provides the basis for the elastomer properties of this mate- 
rial. 

Polyamides and polyesters are prepared by step polymerization meth- 
ods. These polymers have a wide range of applications, but they are of partic- 
ular interest for the preparation of synthetic fibers. They will be considered in 
the next section. 

Bakelite, a phenol-formaldehyde copolymer, is among the oldest com- 
mercial plastics. The two monomers react under acidic or basic conditions. 
Acid catalysis leads to slow formation of o- and p-hydroxymethylphenols. 
These intermediates cannot be isolated because they rapidly react further 
with additional phenol to give methylenediphenols. Additional formalde- 
hyde is required to continue polymerization and produce a hard material. 


H OH H 
CH,OH b. 
СВО es + ety 


Phenol Formaldehyde CH,OH 
ims. Innoitanutviog CU 55; 
Hydroxymethylphenols 
H OH 
CH, CH, CH, 
И ү М ү "m 
HO HO OH 
Methylenediphenols 


H OH H 
HO 


Linear oligomer of Bakelite 


Under basic conditions hydroxymethylphenols form rapidly, but their 
condensation with additional phenol is slow. As a result, di- and 
trihydroxymethylphenols are formed. Subsequent polymerization produces a 
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polymer with a more branched structure than that formed by the acid-cata- 
lyzed process. 


OH OH 
н, СН, 
ОН 
CH, H, CH, 
HO. H OH 
CH, 
OH 
Branched oligomer of Bakelite 


The initial Bakelite resins prepared by these methods are fluid at moder- 
ate temperatures. They can be poured into a mold, where they harden on the 
addition of formaldehyde, which promotes formation of additional cross- 
links. 


PROBLEM Propose a mechanism for: 


25-9 a The acid-catalyzed formation of hydroxymethylphenol 


b The base-catalyzed formation of hydroxymethylphenol 


с The acid-catalyzed formation of a methylenediphenol 


Urea and polyfunctional amides react with formaldehyde to give copoly- 
mers generally classed as urea-formaldehyde resins. The reactants are first 
polymerized at pH 7-8 to form a low-molecular-weight resin. On heating, 
further polymerization and cross-linking take place to produce a hard, infusi- 
ble product. 


О О о 
HNÓNH, + CHO —> носн,мнемн ( CH,NHÜNH ),—H,OH сво, 
Urea Formaldehyde 
~N—CH,~ 
t-o 
ENEA ШЙ 
бор i-o 
н м си 
ed кый 


Oligomer of urea-formaldehyde 


PROBLEM 


25-10 
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Epoxy resins are used as adhesives and surface coatings because they 
can be cured to tough, durable, cross-linked products. One such resin 
is a relatively low-molecular-weight linear polymer made from copo- 
lymerization of excess epichlorohydrin (3-chloropropylene oxide) and 
the bisphenol disodium salt A. Curing is usually carried out by adding 
maleic anhydride or the triamine B. 


CH, 


(2 ONa ^ H,NCH,CH,NHCH,CH,NH, 


с 
Gn, 
A 


iad C) 


a Suggest a structure for the epoxy resin. 


B 


b Show how maleic anhydride or the triamine B leads to a cross-linked 
product. 


25-3 Fibers 


Research on fibers has played a very important part in the development 
of polymer chemistry. The goal of simulating some of the properties of natu- 
ral fibers was attained with the production of nylon in the 1930s. From that 
beginning a large number of polymers have been developed to provide a 
variety of fiber characteristics. It is interesting to note that many of the com- 
mon synthetic fibers used today were first prepared in the period 1930-1950. 
Since that time, much of the progress in fiber technology has been directed 
toward improved methods of preparation and modification of the materials to 
provide better qualities in the final products. Though natural and synthetic 
fibers have many applications in commercial products, we are probably most 
familiar with their use in textiles. 


. Structural Characteristics of Fibers 


The polymer molecules which make up a fiber must be relatively long; a 
minimum length of about 100 nm is common. That usually corresponds to an 
average molecular weight of 10,000 or greater. A high tensile strength along 
the fiber length is also a desirable characteristic, for it will provide the ultimate 
strength in the final thread or fabric. 

Strength along the fiber is imparted by molecular order and some degree 
of structural symmetry. Individual polymer chains must be sufficiently close 
to each other to develop relatively strong intermolecular forces. Normally, 
hydrogen bonding, dipolar attraction, van der Waals forces, or some combi- 
nation of these is involved. If the structure is too highly ordered and intermo- 
lecular forces are too great, the polymer can become highly crystalline and 
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rigid, and may not be suitable as a fiber. The strongest synthetic fibers are 
only about 50 percent crystalline. 

The thermal characteristics of the polymer are another important conse- 
quence of molecular structure. The natural fibers wool and cotton possess 
highly polar structures, and they are relatively stable thermally. Most syn- 
thetic fibers melt on heating; that is, they are thermoplastic. It is desirable that 
fibers used in textiles be structurally and chemically stable below 100°С. 

The method of fiber formation depends on the thermal properties of the 
polymer. Polymers that are stable as a “melt” are easily extruded through fine 
dies to give filaments that are spun into fibers. Those which are thermally 
unstable must be formed into fibers by more difficult solution methods. The 
polymer is dissolved in a suitable solvent, and the solution is forced through a 
small die known as a spinnerette. The fiber is formed as the solvent rapidly 
evaporates or, in some cases, by precipitation into another liquid medium. 
Fibers prepared by the melt or solution methods are often drawn out to four 
or five times their length after cooling. This cold-drawing orients the polymer 
chains and enhances intrachain hydrogen bonding to improve fiber strength. 

Another characteristic desirable for a fiber polymer used in textiles is 
good response to dyeing. When a dye is applied, physical properties of the 
fiber must not markedly change. The color should be permanent toward light 
and laundering of the final fabric. Incorporation of the dye molecule into the 
fiber may involve covalent bonding, hydrogen bonding, dipolar attraction, or 
simple mechanical dispersion throughout the polymer chains. Nylon and pol- 
yester fibers (Sec. 25-3C) can be dyed by dispersion of the dye into the molten 
polymer before fiber formation. Wool, a polyamide (Sec. 25-3B), holds a dye 
by dipolar attraction resulting from salt formation between an acidic dye and 
amino groups of the polymer. In some cases, a functional group on the fiber 
polymer chain forms a covalent bond to the dye molecule. 


. Natural Fibers 


Wool is a keratin, a fibrous insoluble animal protein. In its natural form, 
it has an a-keratin structure and is a classical example of the protein a-helix 
(Sec. 22-3A). Inter- and intramolecular forces along the polymer chain include 
hydrogen bonding, dipolar attractions, and disulfide bonds between cysteine 
groups. 

When a-keratin fibers are exposed to moist heat, they can be stretched 
to nearly double their length. The stretched protein takes on an extended 
zig-zag shape similar to the pleated sheet conformation (Sec. 22-3B) and char- 
acteristic of B-keratins. a-Keratins are not stable in the B conformation be- 
cause of nonbonded interactions between the side-chain groups. They revert 
to their original form when the stretching force is released. 

Reshaping of wool fibers usually involves reductive cleavage of the di- 
sulfide bonds and then formation of new cross-links involving disulfides or 
other groups. Reaction of the reduced material with dihaloalkanes produces 

cross-links that are more stable than disulfide bonds. Cross-linking modifica- 
tions of the above types are used to impart permanent press to wool fabric. 


PROBLEM 


25-11 
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| Reduction Base/Br(CH,),, Br | | 


S(CH,),54 


The flexible protein structure of wool leads to fabric with excellent han- 
dling qualities. However, the tendency to shrink when exposed to moisture 
and heat creates a problem in laundering wool fabric. The wool fibers are 
stretched under moist, warm conditions when spun into thread for fabric. 
When dried, they hold that shape. However, moisture again disrupts the 
hydrogen bond interactions, and the fibers shrink to their original a-keratin 
conformation. Blends of wool and synthetic fibers are currently the most ef- 
fective approach to shrink-resistant "wool" fabrics. 

Silk is a fibrous protein produced by insects. The cocoons of various 
silkworms (moth larvae), after appropriate chemical treatment, provide the 
fibroin used for most silk fabric. 

Fibroin is composed over 70%, on the average, of the small amino acids 
glycine, alanine, and serine. The polymer chains pack together tightly in a 
pleated sheet conformation which results in a strong fiber. Interestingly, silk 
fabric does not have good wear resistance, and because of its high price it is 
a luxury fabric. 


5—5 »Lsu us 


Animal skins are converted to leather in a process known as tanning. 
The fibrous protein collagen apparently undergoes extensive cross- 


linking during the tanning process. Suggest a structure for cross-links 
that can form between the lysine and glutamine of collagen when form- 
aldehyde is a constituent of the tanning agent. 


Cotton is the most widely used fiber in the world. It accounts for about 
50 percent of total fiber consumption. The long fibers (up to 5 cm) are essen- 
tially pure cellulose. The linear B-1,4-polyglucoside (Sec. 21-3D) provides а 
strong fiber structure that is quite versatile. Cotton fabrics retain their 
strength whether wet or dry. They have excellent wearability and are pleasing 
in appearance and to the touch. 

Cotton, like other forms of cellulose, is relatively resistant to chemical 
action. However, many processes have been developed to improve the fiber 
characteristics. Treatment with strong aqueous sodium hydroxide (merceriza- 
tion) alters the crystalline structure by increasing the number of free hydroxy 
groups. The strength, surface character, and dyeability are improved. 

"'Ease-of-care" properties such as crease resistance are imparted to cot- 
ton by various cross-linking agents. The most common are di-(N-hydroxy- 
methyl) ureas. In the presence of a Lewis acid these reagents bridge hydroxy 
groups on adjacent polycellulose chains. 


[он st Ho- + HOCH; N ONCH; OH “8, [-O-CHN NCH,-O-| 
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PROBLEM 


25-12 


PROBLEM 


25-13 


Cotton fibers are also cross-linked for crease resistance by using epi- 


chlorohydrin (3-chloropropylene oxide) or the diepoxide of butadiene. 
Suggest a structure for the cross-link in each case. 


Rayon is the most important regenerated natural fiber. It is produced 
from cellulose derived from wood pulp. The cellulose is degraded with so- 
dium hydroxide and then allowed to react with carbon disulfide to form a 
xanthate (Prob. 14-43) derivative. Further chemical treatment produces vis- 
cose, a solution of sodium cellulose xanthate, from which the cellulose is 
regenerated on precipitation in acid. When the viscose is forced through a 
spinnerette into an acid medium, rayon forms and is cold-drawn for use as 
fibers. Rayon is used as a fabric for clothing and is a major fabric used in the 
cord of tires. Regenerated cellulose can also be formed into thin film to be 
used as the packaging material cellophane. 


Write the chemical equations to show the conversion of cellulose 


(R—OH) into viscose and then into regenerated cellulose ("R"—OH). 


. Synthetic Fibers 


Polyamides are one of the two main classes of synthetic fibers. Although 
a large variety of structural combinations have been prepared, nylon-6 and 
nylon-66 are the principal industrial products. (The number following the 
name "nylon" represents the number of carbon atoms in the monomer or 
monomers.) 

Nylon-6 is prepared commercially by the thermal polymerization of cap- 
rolactam. Water is the initiator of the reaction, and small amounts of acetic 
acid are used to control chain length by protonating terminal amino groups 
and blocking further reaction. 


о о 
H,0/HOA. 1 | j 
erda ао | C(CH,),NH— | —C(CH,),NH, 


Caprolactam Nylon-6 


Nylon-66 is prepared by reaction of equimolar quantities of hexamethyl- 
enediamine and adipic acid in an aqueous methanol medium. A solution of 
the “nylon за!” which precipitates on mixing of the monomers is then heated 
under pressure to about 200°C to produce the polymer. Typical molecular 
weights are in the range of 10,000 to 20,000. 
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=270°C 


nHO,C(CH,),CO,H + nH,N(CH,),NH, —> n-O,C(CH,),COsH;N(CH,),NH, S 
rw 


Adipic acid Hexamethylenediamine “Nylon salt" 
(Hexanedioic acid) 


[9] [9] 
I 


| [| 
НО,С(СН),С— | —NH(CH,),NHC(CH,),C—|—NH(CH,),NH, 
Nylon-66 


The polyamides are melt-spun and then cold-drawn. Nylons have been 
widely accepted as textile fibers because they are strong, have desirable elastic 
properties, and can be drawn into very fine fibers. 


PROBLEM Draw a structure for nylon-66 showing interchain hydrogen bonding 
25-14 interactions. 


A newer polyamide fiber known as Qiana is prepared from Cg, Cio, or 
Ci; diacids and di-4-aminocyclohexylmethane. Fabric woven from the fiber 
has the desirable appearance and feel of silk and also the strength and han- 
dling qualities of the nylons. 


nHO,C(CH,),CO,H + nHN NH, — 
CH, 


Di-4-aminocyclohexylmethane 


T {үү di 
HO,C(CH,),C— | —NH NH—C(CHj),C— | — 
CH, 

n=l 
—NH NH, 
CH, 
Qiana 


PROBLEM In the production of Qiana polyamide: 
25-15 a What might be an economical industrial source of the Св, Cio, and 
C4? diacids? 


b How could the diamine be prepared from aniline? 
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PROBLEM 2,3-Dimethylpropiolactam undergoes anionic polymerization to a 
25-16 nylon-3. 


a Suggest a mechanism for the reaction using МаМН»/МН.. 


b Discuss the stereochemistry of the polymer. 


Of the polyester fibers, polyethylene terephthalate (Dacron or Terylene) 
is the most prevalent. The monomers ethylene glycol and terephthalic acid 
are readily available industrial chemicals. The dimethyl ester of terephthalic 
acid is the actual monomer used. Polymerization is an ester interchange in 
Which ethylene glycol replaces methanol in the presence of a Lewis acid cata- 
lyst. 


Sb, | 


nHOCH,CH,OH + nCH4O,C a CO,CH, 


Ethylene glycol Dimethyl terephthalate 


о о 
| IX I ] ÁON 
HOCH,CH,O—|—C C—OCH,CH,O—|—C CO,CH, + CH,OH 
п-1 Jg 


A polyester 


The polyethylene terephthalate fibers are composed of extended poly- 
mer chains with coplanar phenyl groups. The high degree of packing of poly- 
mer chains produces a fiber that is strong and relatively stiff. Overall desirable 
characteristics have made polyesters one of the most common of the synthetic 
polymer fibers. Blending of polyesters with cotton provides a fabric with high 
durability and excellent ease-of-care properties. 


PROBLEM One practical deficiency of polyester fibers is a tendency to hold dirt 
25-17 and grease. That inhibits cleaning by normal laundering methods. Ac- 
count for this property of polyesters. 


PROBLEM Polyethylene terephthalate is melt-spun at 270-280°C. Why is it neces- 
25-18 sary to ensure anhydrous conditions during this fiber-forming process? 


PROBLEM 


25-19 


25-4 
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A competitor to polyethylene terephthalate is the polyester prepared 
from dimethyl terephthalate and di-1,4-hydroxymethylcyclohexane 
(and commercially known as Kodel). 


a Draw a structure for the Kodel polymer. 


b Indicate how the polymer might differ from polyethylene tereph- 
thalate. 


Acrylic fibers are composed of at least 8576 acrylonitrile monomer, usu- 
ally copolymerized with another vinyl monomer such as vinyl acetate, vinyl 
chloride, or acrylamide (propenamide). Orlon, a common acrylic fabric, has 
wool-like qualities and is therefore used extensively for knitted textiles. The 
blending of Orlon and wool produces an excellent fabric which benefits from 
the favorable properties of both the natural and the synthetic fibers. 


Summary 


Polymers play an important role in our lives. They are the proteins of 
animal life processes and the celluloses and polysaccharides of plants. Syn- 
thetic polymers such as polyethylene and the nylons substitute for and ex- 
tend the capabilities of the natural macromolecules. 

A polymer is composed of many covalently bonded small monomer 
molecules. Polymers may possess only one kind of monomer unit (homopoly- 
mers), or they may be a combination of two or more monomers (copolymers). 
The nature of the monomer units can lead to straight-chain or branched poly- 
mer structure. 

Characteristics of a bulk polymer depend on the monomer units of 
which the polymer is composed, as well as the interactions between individ- 
ual polymer chains. Intermolecular hydrogen bonding and dipolar and van 
der Waals forces contribute to the physical properties of the polymer. Strong 
interchain attractions lead to a relatively strong polymer. Interactions which 
give order to the polymer impart crystalline character. Polymers made up of 
more randomly oriented chains are amorphous and possess the rubberlike 
qualities of elastomers. 

Polymers can be classified in terms of their behavior on heating. Ther- 
moplastics melt when heated and then regain their solid character and prop- 
erties on cooling. Thermosetting polymers change their character when 
heated to a "melt," and become solids with different physical properties. 

Synthetic polymers are prepared by various chain-reaction and step- 
reaction processes. Chain-reaction polymerizations are usually free-radical 
but may be anionic or cationic. Polymerizations involving coordinated metal 
catalysts also appear to follow a chain sequence. Step reactions are usually 
ionic. 
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25-5 


25-20 


25-21 


25-22 


25-23 


25-24 


25-25 


A wide variety of polymer types are produced commercially. They range 
from the soft polyethylene used extensively in packaging to the polystyrene 
copolymers used as elastomers and structural materials. Many polymers can 
be formed into fibers with excellent qualities for use in textiles. 


Supplementary Problems 


Free-radical polymerization of vinyl acetate produces the linear polymer polyvinyl 
acetate. Treatment of the polymer with acidic methanol leads to polyvinyl alcohol, a 
polymer used in formation of textile fibers. Suggest a structure for polyvinyl acetate 
and show how the acetate is converted to polyvinyl alcohol. 


The most important nonfiber polyesters are the polycarbonates, polyesters of carbonic 
acid. Aromatic polycarbonates derived from bisphenols are strong, rigid, and trans- 
parent. The polycarbonate derived from bisphenol-A is used in Lexan, a transparent 
material used for safety glass. Since carbonic acid is not an available starting material, 
diphenyl carbonate provides the comonomer. Suggest a mechanism for this polymeri- 
zation reaction. 


CH, 
p-HOCH,—C—C,H,OH-p + (со CO es 
m 
Bisphenol-A 
CHART EO 
OG — + 2C,H,OH 
cH, | 


Explain how the mechanisms proposed for formation of low-density (high-pressure) 
and high-density (Ziegler-Natta) polyethylene can account for the different physical 
properties of those two forms of the polymer. 


Polytetrafluoroethylene (Teflon) is a chemically resistant polymer prepared from 

tetrafluoroethylene. 

a What is the expected structure of Teflon? 

b What type of polymerization process might be used? 

с The tetrafluoroethylene monomer is prepared by high-temperature reaction of 
chlorodifluoromethane. The process is believed to involve a carbene, How might the 
reaction proceed? 


Will the polymer prepared from isobutylene (2-methylpropene) exist in stereoisomeric 
forms similar to those of polypropylene? 


The styrene radical anion (CeH5CH—CH5Na*), formed by reaction of styrene with the 
sodium naphthy] radial anion (Fig. 24-1), dimerizes to a dianion from which a polymer 
chain begins on addition of styrene. The growing chain is called a living polymer 
because polymerization stops when the monomer is consumed but resumes if more 
monomer is added. 

a Write a chemical equation for the process. 

b How might the polymerization be terminated? 
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25-30 


25-31 


25-32 


25-33 
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Polymethylene ether can be prepared from formaldehyde by an acid-catalyzed chain 
reaction. The polymerization is reversible, and it results in an “unzipping” of the 
polymer. To avoid reversal after preparation, the end hydroxy groups are "capped" by 
etherification or esterification. Show why the polymer readily depolymerizes and how 
the end-capping helps prevent its doing so. 


Suggest a structure for the polymer which is formed on treatment of B-propiolactone 
with hydroxide. What kind of polymer is this? 


Show how the waxlike polyether polyethylene glycol (Carbowax) can be prepared 
from readily available raw materials. 


Glyptal is a type of polymer prepared from glycerol and phthalic anhydride mono- 
mers in the ratio of 2:3. Partial polymerization gives a soluble resin used as a surface 
coating. After application, the resin is baked to form a hard, protective coating. Sug- 
gest a structure for the resin and one for the final hard product. 


Toluene 2,4-diisocyanate is a common monomer used in urethane polymers. Show 
how it can be prepared from toluene. 


Polytetramethylene glycol, a polyether oligomer, is one of the block segments in the 
polyurethane used for the stretch fiber Lycra. Show how the acid-catalyzed polymeri- 
zation of tetrahydrofuran leads to the polyether. 


LM Ho~(—(CH,),-O=), =H 
[o 


Neither polypropylene nor polyethylene are elastomers, even when they are cross- 
linked. However, a copolymer formed from propylene and ethylene in the presence of 
a Ziegler-Natta type catalyst (prepared from vanadium oxychloride and a tri- 
alkylaluminum) is, after cross-linking, an elastomer. About 70 to 80 percent of the 
content of the copolymer is ethylene units. Why does it have elastomer properties? 


The supporting polymer for fiberglass comes from a resin such as that illustrated 

below. 

a Mark the monomer units in this resin. 

b What readily available compounds might be used to prepare the resin? 

с The material is made up as a resin solution with styrene. Hardening to the final 
polymer is promoted by addition of a free-radical initiator to this resin solution. 


Suggest a structure for the final hard polymer. 
CH; о O сн, о CH, 


О 
| | | | 
—|—OCHCH;,OCCH—CHCOCH,CHCH,OC. Loc, CHCH, - 
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Summary 


Supplementary Problems 


26-1 


Many organic reactions involve changes at functional groups while the 
molecular skeleton of the reactant remains unchanged. We have, however, 
encountered some examples in which groups migrate within molecules and 
carbon skeletons are modified. Such transformations are known as molecular 
rearrangements. The most common kinds of rearrangements involve migra- 
tion of a group from one atom to the next within the molecule; that is, they are 
1,2-rearrangements. 


| | 
A—B — АВ 


Molecular rearrangements are usually not considered as a separate class 
of organic reactions. They normally involve intramolecular substitutions with 
mechanistic features similar to those of their intermolecular counterparts. 


Rearrangement to an Electron-Deficient Atom 


Migration of a group from one atom to another atom that is electron- 
deficient is the most common kind of molecular rearrangement. The atom 
from which migration begins—the migration origin—and the atom to which 
the migrating group moves—the migration terminus—are usually adjacent 
to each other. Atoms involved in molecular rearrangements may be carbon or 
many of the heteroatoms that we have encountered in organic compounds. 
The electron-deficient atom to which migration takes place may be charged or 
electrically neutral (Fig. 26-1). 


. Migration to a Carbocation Center 


In earlier chapters we learned that reactions which proceed through an 
intermediate carbocation can lead to products of substitution, elimination, or 
addition in which the carbon skeleton has rearranged. A rearranged product 
is found to be prevalent when the initially formed carbocation can be con- 
verted to a more stable ion by the 1,2 shift of an adjacent group. Migrations to 
an electron-deficient carbon atom are broadly classified as Wagner-Meerwein 
rearrangements. 
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FIGURE 26-1 
Typical 1,2- 
rearrangements. 


It has been estimated that approximately 16 kcal/mol (67 kJ/mol) is 
gained by conversion of a primary to a secondary or a secondary to a tertiary 
carbocation. The reaction of neopentyl alcohol is particularly illustrative of the 
driving force which leads to rearrangement. The primary neopentyl cation 
often proposed for this process may not even be an intermediate, or at least it 
possesses a very short lifetime. Intramolecular migration to that cation by an 
adjacent methyl group with its pair of bonding electrons produces a tertiary 
cation at a rate considerably higher than the rate of intermolecular reaction 
with solvent. Products almost always have the rearranged structure. 


[ т Г 
CH, CE CH S On SHOE CH,-C-CH, Сн, =вю, CHet; | — 
Я CH, CH, 


Neopentyl alcohol 
(2,2-Dimethyl-1-propanol) 
=Н*, (CH,),C=CHCH, 


2-Methyl-2-butene 


Gcr ate а 
CH - | 
à +O", (CHy,CCH,CH; 
2-Chloro-2-methylbutane 
єн, CH, 
Nt 
CHy—C—CH=CH, HOS cua 7—CH—CH, — 
CH, CH, 


3,3-Dimethyl-1-butene 


| 
L 


PROBLEM 


26-1 
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EE (CH3),C—C(CH3), 


(Hs 2,3-Dimethyl-2- 
CH сен сн, butene 
М cl 
CH; +а- | 
(CH43),CCH(CH;), 
2-Chloro-2,3- 


dimethylbutane 


General mechanisms proposed for these rearrangements usually involve 
initial formation of the electron-deficient center, the carbocation migration 
terminus in the examples above. Another possibility is that migration is con- 
certed with departure of the leaving group. The migrating group would func- 
tion as an internal nucleophile displacing the leaving group. 


In both these potential mechanisms the migrating group must bridge the 
migration origin and terminus. Much effort has been devoted to determining 
whether this bridged ion is a transition state or an intermediate. We have 
encountered a similar question in the discussion of neighboring group effects 
(Sec. 11-5). 


M 


we Pea 
liu bose у Soh с ыа шахе | 


< thera rd арнаш ГУ es me азе ay Nu—¢—¢—M 


-L:- Nu: 


Draw an energy profile diagram for a molecular rearrangement, such as 


that illustrated above, that involves a four-step sequence in which the 
ions are intermediates. 


B. Migratory Aptitude and the Pinacol Rearrangement 


Dehydration of the 1,2-diols known as pinacols provided some of the 
earliest examples of molecular rearrangements. When pinacols are treated 
with acid, 1 mol of water is lost and a ketone or aldehyde is recovered with a 
structure rearranged relative to the initial diol. The reaction—the pinacol re- 
arrangement—is believed to involve initial formation of a carbocation fol- 
lowed by migration of an alkyl or aryl group or a hydride. The remaining 
hydroxy oxygen atom imparts stability to the new cationic center. 
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OH OH OH (он, OH 
H* —H,O È 
(CH3C— C(CHj); (CH, = сену S HO CHEECH), — 
Pinacol CH, 
(2,3-Dimethyl-2,3-butanediol) 
fs » 
Je i j 
CH;—C—C(CH,), <> CH;—C—C(CH,), =", — CH,CC(CH,), 
Pinacolone 
(3,3-Dimethyl-2-butanone) 
eninge! j 
(СьН5,С— C(C Hj); Hs Сун,СС(С,н,), + H,O 
Benzpinacol Benzpinacolone 
OH 
| H* /° 
сн,сн„с—сн,„Он "> CH,CH,CHC + H,O 
CH, cH, Н 
2-Methyl-1,2-butanediol 2-Methylbutanal 


Deamination of a-amino alcohols leads to a reaction that closely resem- 
bles the pinacol rearrangement and is often called the semipinacol rearrange- 
ment. Nitrous acid is used to form an alkanediazonium ion (Sec. 11-6A) which 
readily loses nitrogen to produce the intermediate carbocation. Expansion 


and contraction of medium-size rings has been accomplished by this rear- 
rangement. 


OH NH, OH {WN 


(GH),C—CHCH, НМ, (c. 6 CHCH, =№ 
1,1-Diphenyl-2-amino-1-propanol 


OH ; 
CH CHCA, = =", C,H .CCHICH,)C.H, 
Сн, 1,2-Diphenyl-1-propanone 
ЭЛЬ HNO, Ze 
ae блек 
OH H 
2-Aminocyclohexanol Cyclopentanecarboxaldehyde 


CH,NH, HNO, 9, 
OH А Bu 


1-Aminomethylcyclopentanol Cyclohexanone 


PROBLEM 
26-2 
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Account for the observation that each of the following reactions can 
produce the same mixture of pinacol and pinacolone: (i) 2,3-dimethyl- 
2-butene epoxide plus aqueous acid, (ii) 3-amino-2,3-dimethyl-2-buta- 


nol plus aqueous nitrous acid, and (iii) 3-chloro-2,3-dimethyl-2-butanol 
plus aqueous silver nitrate. 


The pinacol rearrangement has been used as a model in studies of the 
characteristics of migration to a carbocation center. When a pinacol with two 
different groups on the carbinol carbon atom is allowed to react with acid, the 
two groups may migrate at different rates. The differences are related to the 
migratory aptitudes of the groups. Since rearrangement involves movement 
of the migrating group with its bonding electrons to an electron-deficient 
center, it should not be surprising if we find that migratory aptitudes are 
greatest for groups in which the migrating atom is most electron-rich. 

Consider, for example, the symmetrically substituted pinacol A. Rear- 
rangement takes place to give B, the product of p-methoxyphenyl (anisyl) 
migration. 


OH OH : 
p-CH,OC,H,;—C—-C—C,H,OCH,-p “> CHECCA, OCH; 9) 
СН; CoH; C,H; 
A B 


Anisyl has a greater migratory aptitude than phenyl because the elec- 
tron-donating methoxy group enhances the electron density of the aromatic 
ring. Competitive experiments of this type have led to a general order of 
migratory aptitudes for the pinacol rearrangement: 


p-Anisyl > p-tolyl > phenyl > tert-alkyl > prim-alkyl > H 


When the pinacol is unsymmetrical, the hydroxy group is usually lost 
from the carbon atom that will form the more stable carbocation. The direc- 
tion of rearrangement is therefore largely determined by the relative ease of 
removal of a hydroxy group. Rearrangement may not necessarily involve the 
group of highest migratory aptitude. 


OH OH 


| 
(Сон,)С——С(Сн,), 29% 


I 
> (Сен) CCH; + H,O 
CH; 
OH OH 
EEN H,50, 
(p-CH3OC;H,),C——C(C;H5) —— 
I I 
(СНОС): CCH, * P CHOC, C CC H3) + H,O 


CH; C,H,OCH;-p 
72% 28% 
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PROBLEM 
26-3 


Migratory aptitudes generally follow the order discussed above, but any 
absolute comparison depends on the actual reaction and conditions. p-Anisyl, 
for example, migrates 500 times faster than phenyl in the pinacol rearrange- 
ment but only 1.5 times faster in the semipinacol rearrangement of an а- 
amino alcohol. That result has been attributed to the better leaving-group 
ability of nitrogen gas relative to water, and shows that the intermediate 
carbocations may not be identical even in these closely related reactions. 


Predict the major rearrangement product when each of the following 
diols is treated with sulfuric acid. 


а 1-Phenyl-1,2-ethanediol 
b 1,1,2-Triphenyl-1,2-propanediol 
с 1,2-Propanediol 


d 11-Di-p-anisyl2-p-nitrophenyl-2-phenyl-1,2-ethanediol 


OHH 


. Stereochemistry 


Stereochemistry associated with molecular rearrangements depends on 
steric or conformational factors and the timing of the bond-breaking and 
bond-making processes. A picture of the orbitals involved in the migration 
sequence illustrates the prediction that if the process is concerted, configura- 
tion will be retained in the migrating group and inverted at the migration 
terminus. The migration origin becomes a carbocation, thus normally loses its 
stereochemical identity. Here again we see the importance of stereoelectronic 
factors during a chemical reaction (Sec. 14-4В). 


ре R, 9. R 
бе 
№ . 9 
à " Rim, 
Сак" > M Sce Won 


R" 
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The leaving group is believed to depart before migration in most 
Wagner-Meerwein rearrangements, so that configuration at the migration ter- 
minus depends on the lifetime of the intermediate cation. During rearrange- 
ment of optically active 2-methyl-1,2-butanediol, the relatively slow hydride 
migration provides sufficient time for the carbocation to rotate. Racemic prod- 
uct is recovered. In the case of the analogous rearrangement initiated by de- 
amination, a more rapid reaction leads to significant inversion of configura- 
tion at the migration terminus. 


CH, H H 


^ СН CH; 
Sos сн,он HOS, ion — ' `©©снон 
—H, 4 "4 
HO сн; CH; 
-2-Methyl-1,2-butanediol * 
9 ое le SH 
Н, H, 
N N 
снг CHO + сни CHO 
CH; CH, 
dl-2-Methylbutanal 
(Racemic) 
CH CH, 
CHA HNO, | 
as C—CH,OH = "> C,H;CHCHO + № 
H,N 
(S)-2-Amino-2-methyl-1-butanol 2-Methylbutanal 
(Optically active) (30% inversion) 


The tendency for inversion to take place at the migration terminus was 
demonstrated by a clever experiment in which an isotopically labeled or unla- 
beled phenyl group could rearrange. Deaminative rearrangement of one opti- 
cally active isomer of 2-amino-1,1-diphenyl-1-propanol proceeded with 88 
percent inversion. When one specific phenyl group was labeled with "C, it 
became clear that the labeled group migrated to give the product of inversion 
at the migration terminus and the unlabeled group migrated so as to give 
retention. 


* [o 
MES As HNO, I Сын; A 
Bo С но” GHI CR eu, "Сон, 
, NH, H C4H; 
1-(R)-2-(S)-2-Amino-1,1-diphenyl-I-propanoli 88% 12% 


(* designates “C-labeled phenyl) 


We can use Newman projection formulas to follow the course of this 
rearrangement (Fig. 26-2). The most stable staggered rotamer is expected to 
be the one in which the two phenyl groups are adjacent to the smallest atom, 
hydrogen. Loss of nitrogen gas produces a carbocation to which phenyl mi- 
grates. In the compound labeled as indicated, migration of the labeled phenyl 
group leads to the product of inversion. А 60° rotation of the intermediate 


i The “C-labeled phenyl group has priority over the unlabeled phenyl in assigning absolute 
configuration. 
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FIGURE 26-2 ^ 
NH, (%ь 
Stereochemical 
course of the HO. СН, ANGE HO. СН» 
rearrangement UIT d cm 
of 2-amino-1,1- CH H CH; H 
diphenyl-1- i сн, "CH, 
а Most stable rotamer 
(‘Designates У C,H; 
C-labeled 
HO. CH. 
3 E NT. 3 
MP HO "Сену 
“CoH; 
-H+ -H+ 
CH; 
CH; H 
Ох СН; о- сн, 
CH, H 
“СН 
Inversion Retention 
(88%) (12%) 


provides a conformation in which unlabeled phenyl migrates to give the 
product of retention. The results support the assumption that one rotamer of 
the starting material is predominant. 


PROBLEM It has been suggested that the above experiment also provides support 
26-4 for a cationic intermediate rather than rearrangement via a concerted 
mechanism. Discuss the basis and validity of this suggestion. 


PROBLEM The two diastereomers of 2-amino-1-anisyl-1-phenyl-1-propanol, which 
26-5 differ in configuration at the carbinol carbon atom, were subjected to 
deamination-rearrangement. In one isomer 94 percent of the migration 
was due to the anisyl group, and 88 percent phenyl migration occurred 
in the other isomer. Account for these results using Newman projection 

formulas. 


PROBLEM When deaminative rearrangement is carried out on threo-1-amino-1- 
26-6 phenyl-2-7-tolyl-2-propanol, the p-tolyl group migrates to give product 


with only 42 percent inversion at the migration terminus. Account for 
the difference between this result and that obtained with 2-amino-1,1- 
diphenyl-1-propanol (Fig. 26-2). 
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We have formulated Wagner-Meerwein rearrangements as stepwise 
processes in which the leaving group departs before the migrating group 
moves. There is also evidence that an aromatic group can begin to migrate at 
the same time as the leaving group is departing; that is, there is evidence for a 
concerted process. In certain solvolysis-rearrangement reactions an aryl 
group provides neighboring group assistance so that reaction rates are more 
rapid than would be predicted. 

Aryl participation was inferred by observing the stereochemical course 
of solvolysis of 3-phenyl-2-butyl tosylate in acetic acid (acetolysis). The threo 
tosylate leads to 96% threo acetate, whereas similar reaction of the erythro 
diastereomer produces 98% erythro acetate. Solvolysis proceeds with reten- 
tion, as is expected when back-sided neighboring group participation is oc- 
curring (Sec. 11-5). 

The exact nature of this aryl participation has generated a great deal of 
controversy and associated experimentation. We now believe that an aromatic 
group stabilizes the intermediate through formation of a phenonium ion. The 
phenonium ion is depicted as a spiro cyclopropane in which the positively 
charged aromatic ring is perpendicular to the cyclopropane plane. In many 
respects generation of a phenonium ion resembles formation of the cationic 
intermediate during electrophilic aromatic substitution (Sec. 17-2A). 


* 

i+ 

H HOAc 
^ — —— 


CC CH; ais 
E ui OTs Не VH 
8 СН; CH; 
threo-3-Phenyl-2-butyl tosylate A phenonium ion 


“Сн, -C— 
ни С з + СН? Je Сн 
CH OAc OAc CH; 


threo-3-Phenyl-2-butyl acetate 

Spectral evidence has been obtained in support of the phenonium ion. 
Reaction of 2-phenyl-1-chloroethane with antimony pentafluoride in fluo- 
rosulfuryl chloride at —78°C produces an intermediate cation which has C- 
NMR spectral properties consistent with the charge-delocalized structure of a 
phenonium ion. The highly ionic superacid medium favors formation of the 
phenonium ion salt while being essentially free of any nucleophilic species 
which might destroy the highly reactive cation. The development of many 
such superacid media by George Olah has opened up a fascinating new area 
in the study of carbocation chemistry. 


9 
SbF,/FSO,CI SbECI- 


CH,CH,Cl c 


2-Phenyl-1-chloroethane The ethylenephenonium ion 
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PROBLEM Account for the observation that 3-p-methoxyphenyl-2-butyl brosylate 
26-7 is solvolyzed by acetic acid about 60 times faster than 3-phenyl-2-butyl 
brosylate is. (Brosylate is p-bromobenzene sulfonate.) 


PROBLEM Optically active threo- and erythro-3-phenyl-2-butyl tosylate were each 
26-8 allowed to solvolyze in acetic acid until about 60 percent had been 
converted to product. Chemically unchanged starting material was 


then recovered, and it was found that the threo-tosylate was 94 percent 
racemized but the erythro-tosylate was still optically pure. Show how 
these results support the phenonium ion intermediate. 


D. Migration to a Carbene 


Some synthetically useful rearrangements take place when carbenes are 
generated. These electron-deficient carbon atoms provide a very reactive mi- 
gration terminus. In the Wolff rearrangement an a-diazoketone loses nitro- 
gen by the action of silver oxide or irradiation with light (Chap. 27) to produce 
an intermediate carbene. Rearrangement of an adjacent group to that carbon 
atom leads to a ketene which rapidly reacts with the reaction solvent. When 
the solvent is water, alcohol, or an amine, the final product is a carboxylic 
acid, an ester, or an amide, respectively. 


Жө NO :0:- 
I ERARE 1 I + | + 
C;H,C—CH—N-N: < C,H,C—CH—N=N: < CH,C—CH—NEN : 
Diazoacetophenone 
(An a-diazoketone) 
Ag,O Lo 
=n, Ces <CGCH — 
A keto-carbene 
НО CHICH,COH 
Phenylacetic acid 
RE 
lo C—CHGH, <> O=C cuc) COH  CJHjCH,CO,C,H, 
Phenyl ketene Ethyl phenylacetate 
NH, 


C,H,CH,CONH, 
Phenylacetamide 


26-1 Rearrangement to an Electron-Deficient Atom 983 


PROBLEM A rather interesting example of the Wolff rearrangement involving a 
26-9 ring contraction takes place with 2-diazocyclohexanone in methanol. 
Suggest a mechanism for this reaction. 


М, 


CH,OH/light Ra CO,CH, 


The Arndt-Eistert synthesis is a procedure for converting a carboxylic 
acid to its next higher homolog using a Wolff rearrangement. The acyl halide 
derived from the initial carboxylic acid is converted to its a-diazoketone deriv- 
ative through reaction with excess diazomethane. Rearrangement is then car- 
ried out in an aqueous medium. 


о 
^ A 
CH,-NEN | N= 2) Ag,0/H,0 | 
уде же НЕ 


a-Naphthoic acid 


CH,CO,H 


a-Naphthylacetic acid 
80% 


CH; уоа, CH; 1) SOCI, Hs 
2) CH,N, 2) CH,N, 
Сонссон 73 AgO/H,O ^ CHi CH,CO,H 73 Ag,O/H,O > CaHSECESCH,CO,H 
Co Hs CH; СН, 
2-Methyl-2- 3-Methyl-3-phenyl- 4-Methyl-4-phenyl- 
phenylbutanoic pentanoic acid hexanoic acid 
acid 52% 45% 


PROBLEM A reaction resembling the Arndt-Eistert synthesis can be used to con- 
26-10 vert ketones to their next higher homologs. The mechanisms differ in 
that, for the ketone reaction, loss of nitrogen produces a carbocation to 
which migration occurs. Epoxides are often side products in this reac- 

tion. Suggest a mechanism for the sequence: 


о [o 
|. см | 
C,H,CCH, СН, CH,CH,CCH, + C,H, 
сн; 
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PROBLEM 
26-11 


A Wolff rearrangement is the key step in conversion of an aldose to the 
next higher homolog of a 2-deoxy carbohydrate. The reaction actually 


involves homologation of the acetylated aldonic acid (Sec. 21-2C). Sug- 
gest the synthesis sequence involved in the conversion, using this ap- 
proach, of p-glucose to the corresponding 2-deoxyaldoheptose. 


. Migration to Nitrogen 


An interesting family of rearrangements involves migration to an elec- 
tron-deficient nitrogen atom. Hofmann rearrangement of N-haloamides is the 
most common rearrangement of the family, and it has been extensively stud- 
led since its discovery by Hofmann in 1882. The reaction accomplishes con- 
version of an amide to an amine possessing one less carbon atom. 


о o 
2 2 
CH,CH,C pi Momm, сн.сн,<  |—> CH,CH,NH, + CO, + HBr 
NH, NHBr 
Propanamide N-Bromopropanamide Ethylamine 
CONH NH, 
Í sS 2 маовин,о E a 
o> 
2 
N N^ 
Nicotinamide 3-Aminopyridine 


The Hofmann rearrangement proceeds through formation of an N- 
haloamide anion that rearranges, with loss of bromide, to an isocyanate. 
Water adds to the isocyanate to produce a carbamic acid which readily loses 
carbon dioxide to give the amine. Reaction is usually accomplished by allow- 
ing the amide to react with a basic solution of aqueous bromine (sodium 
hypobromite). Formation of the anion, rearrangement to the isocyanate, hy- 
drolysis, and decarboxylation produce the amine product without isolation of 
intermediates. 


fe) 
CHCH Bo, CHOC. XE. CH.CH;—N-—c-0o.-E:0/0H- , 
eye N—Br Ethyl isocyanate 
H 
HO-— 
о 
CHCH NH cÍ 90, CH,CH,NH, 
о = Ethylamine 


Considerable evidence in support of the proposed mechanism has been 
obtained. Both the N-haloanion and isocyanate intermediates have been iso- 
lated in certain cases. Subsequent rearrangement of the N-haloanion is found 


PROBLEM 


26-12 


PROBLEM 


26-13 
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to take place in aqueous base media in a manner similar to that of the N- 
haloamide. 


А common side product formed during the Hofmann rearrangement is 
a urea. When butanamide is allowed to react with aqueous bromine in 


sodium hydroxide, N,N-dipropylurea is recovered along with the pro- 
pylamine. Show how this side product arises. 


N-substituted amides such as N-methylpropanamide do not undergo 
Hofmann rearrangement when treated with aqueous sodium 


hypobromite. Show how this observation is consistent with the mecha- 
nism proposed for the Hofmann rearrangement. 


The intimate details of the rearrangement step have attracted considera- 
ble interest. We have depicted simultaneous movement of the migrating 
group, with its bonding electron pair, to the nitrogen atom as halide departs. 
Another possibility is that loss of halide takes place before rearrangement. 
The proposed electron-deficient intermediate, known as nitrene, resembles 
the carbene of the Wolff rearrangement (Sec. 26-1D). A nitrene intermediate 
has not yet been detected in any Hofmann rearrangement. 


О 79 

в 1 RRC +В — R-N=C=0 
Аве SN 
A nitrene 


The rearrangement was shown to be intramolecular when the reaction 
was carried out with a mixture of 3-deuteriobenzamide and '*N-benzamide. 
No mixed anilines were recovered, which shows that the migrating group 
does not separate during rearrangement. 


C,H,DCONH, + C,H,CO*NH, ^“°&ЛзО ‚ C,H DNH, + C H;*NH, 
No C,H,D*NH, or С;Н,МН, 


Consistent with this result is the observation that migration proceeds with 
retention of configuration when a chiral group rearranges. 


H H 
Н..< o СН; 
Св = au 26 NaOBr/H,O 9 S C—NH, 
CH, NH; CH; 


(S)-2-Phenylpropanamide (S)-1-Phenylethylamine 
D 
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PROBLEM 


26-14 


PROBLEM 
26-15 


When the migrating group in the Hofmann rearrangement is aryl, the 
rate of reaction decreases with an aryl substituent in the order 
—OCH; > —R > —H > —NO;. How does this result correlate with 
the mechanism proposed? 


One might also envision a mechanism in which the migrating group 
moves as a cation. 


О 
в 
Nr 


An experiment which suggests that the migrating group does not move 
as a cation is the reaction of 3,3-dimethylbutanamide with aqueous 
sodium hypobromite, which gives a high yield of neopentylamine (2,2- 
dimethyl-1-propanamine). What product might be expected if the neo- 
pentyl cation were actually detached and then recaptured during the 
reaction? 


cies Rt N=C=0 —> R—N=C=O 


The Curtius, Schmidt, and Lossen rearrangements are analogous to the 
Hofmann rearrangement. An acy] azide is the rearrangement precursor in the 
Curtius and Schmidt rearrangements, and a hydroxamic acid leads to product 
in the Lossen rearrangement. All three methods produce isocyanates which 
can be isolated or hydrolyzed to amines. 


Curtius Rearrangement 


(CHj,CHCH,COCI 9^, (CH,),CHCH,CON, 2 НСА, (сн. снсн,мн, 


2) H,O 
3-Methylbutanoyl ?-Methylbutanoyi A 2-Methylpropylamine 
NH,NH 
p-CH,OC,H,CO,C,H, МН, 5.cH,0C,H,CONHNH, Ner, 
Ethyl p-methoxybenzoate A hydrazide 
p-CH,OC,H,CON, pee p p-CH,OC,H,N=C=O E p-CH,OC,H,NH, 
2 
An acyl azide An isocyanate p-Methoxyaniline 
(p-Anisidine) 
Schmidt Rearrangement ae 
1) H,SO,/benzene 
1C HiCO,H + Н№ зы 1-C;H, NH, 
Hexanoic acid Pentylamine 
Lossen Rearrangement 
Ni 
C;H,CO,C, H, NOH, GA ОННО, C H;NH, 


Ethyl benzoate A эй, acid Aniline 
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PROBLEM Suggest a mechanism for the Curtius rearrangement of 3-methyl- 
26-16 butanoyl azide. 


The Beckmann rearrangement is an acid-catalyzed transformation of a 
ketoxime, the oxime of a ketone (Sec. 8-6B), to an amide. Acid converts the 
oxime hydroxy to a good leaving group and promotes rearrangement of an 
adjacent aryl or alkyl group. The group anti to hydroxy migrates with its 
bonding electron pair; when that group is chiral, rearrangement occurs with 
retention of configuration. 


n: 
CH, OH CH. Сон 
NC p NY 2 
p e rd d GHI NC Hoa НО Е 
C,H; C.H, NA 
Acetophenone oxime 
о 
2 
CH, 
NHC,H,, 
N-Phenylacetamide 
CH; OH CH; OPCI, 
NS 
< COMM EC 5-м ъна #03 
p-CH3C,H, p-CH,C,H, 
О 
2 
сн, 
NHC,H,CH,-p 
N-p-tolylbenzamide 
CH; ‘a 
H,SO, 2 
CH4CCH(CH;,CH, —— CHC. 
HON NHCH(CH)CH; 
CH; 
1-Ethylpentyl methyl ketoxime N-1-Ethylpentylacetamide 
'Optically active) (Optically active-retention of 


configuration) 


PROBLEM Draw the structure of the major product from each of the following 


26-17 reactions. 
COH 


1) SOCL/NH, 
2) Br,/KOH/H,O 
Br 


b CH,(CH,),CO,H + HN, “25 
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NaOCl/H,O 
St 


H 


1)NH,OH 
2) H,SO, 


OH 
Podocarpic acid 


Е C,H,O,C(CH,),CO,C,H, + 2NH,NH, ae 


3) H,O 
1) SOCI, 
2) NaN; 
g C,H,CH,CO,H ^3 CHCL/A” 7k 
4) CH,OH 


PROBLEM When a ketone is treated with hydrazoic acid, a modified Schmidt rear- 
26-18 rangement leads to an amide. Suggest a mechanism for this transforma- 
tion. 


| 
cu eH, + HN, 859: , cu c^ 
HC,H, 


PROBLEM Suggest the steps in the sequence below for the preparation of the 
26-19 amino acid A from 2-cyclohexanonecarboxylic acid. 


о 


CO,H NH, 


1) HN,/H,SO, 


| 
3Hosa ^ HOC(CH),CHCO,H 


A 
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F. Migration to Oxygen 


In the Baeyer-Villiger rearrangement a ketone is converted to an ester 
by reaction with a peroxy acid. The reaction is an oxidation in which an oxy- 
gen atom inserts between the ketone carbonyl and the migrating group. 
Peroxytrifluoroacetic acid is most often the reagent of choice, but other peroxy 
acids also have been employed. 


О 

a 

CH,Cl, сн 
OCHs 


Acetophenone Койбос, Рһепу! асе!а!е 
асі 


|| 
CH,CC,H; + — CECOH 


4'cmco,H СОР 


Cyclohexanone Регасеііс acid «-Caprolactone 


The reaction is believed to be initiated by formation of an adduct between the 
peroxy acid and the protonated ketone carbonyl group. Migration to oxygen 
then takes place as the carboxylate derived from the peroxy acid departs. 


" t 
Он :ОН 

pe) ( | T 
CRC. Б СН СОН >» СН CH 6H, — 

OOH " 2d 

CECO—OH Che О 
OH 
OH OH 
po 


1 -H* 
CH,COC,H, <> CH,COG,H; | + СЕ;СО;Н == CH,C + CF,CO,H 


N 
ОСЫН, 


PROBLEM Predict the major product obtained on Baeyer-Villiger rearrangement 
26-20 of: 
a tert-Butyl methyl ketone 


b p-Methoxyphenyl ethyl ketone 


PROBLEM Propose a mechanism for each of the following examples of rearrange- 
26-21 ment to an electron-deficient oxygen atom. 


CHO OH 


OH 
oH 1) H,0,/OH-/H,O 


2) H,O* 
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оон 
b C,H,C(CH, 594/859 , (cH), c—0 + C;H,OH 


[0] 
L А 
с (CH,)CO—OCC,H,NO,-p -2> 
2 
oH, 


(CH,),C=O + C,H,OH + p-NO,C,H,CO,H 


G. Migration from Boron 


We have seen that alkylboranes prepared by hydroboration of alkenes 
and alkynes are useful synthetic intermediates (Sec. 15-3D). For example, 
preparation of an alcohol from an alkene can be carried out by hydroboration 
followed by oxidation and hydrolysis. Anti-Markovnikov addition of water is 
accomplished, and thus the method complements direct hydration of al- 
kenes. 

The oxidation-hydrolysis sequence actually involves migration of an 
alkyl group from boron to oxygen. Rearrangement is similar to the reactions 
considered in earlier sections of this chapter in that the migrating alkyl group 
moves with its pair of bonding electrons. Reaction proceeds with retention of 
configuration in the migrating group. The rearrangement step is promoted by 
addition of a nucleophile, peroxide anion in this case, to the boron atom of the 
alkylborane. A sequence of three such peroxy additions and rearrangements 
leads to a borate ester which, on hydrolysis, produces three molecules of 
alcohol. 


HOOH + OH- == HOO:- + H,O 
= oN = 
HOO :- + B(CH,CH,CH,), — HOO—B(CH,CH,CH,), 


HO™O—B(CH,CH,CH,), —> CH,CH,CH,O—B(CH,CH,CH,), + OH- 
CH,CH,CH, 


CH,CH,CH,O—B(CH,CH,CH,), -H:9/OH- , H,0,/OH- 
(CH,CH,CH,0),B 42° 3CH,CH,CH,OH + B(OH); 


A related alkyl migration from boron to nitrogen enables amines to be 
prepared from alkylboranes and thus from alkene precursors. The alkylbo- 
rane is treated with the nitrogen nucleophile, hydroxylamine-O-sulfonic acid, 
to generate an intermediate ammonium boride from which rearrangement 
occurs. The overall process can be considered as an anti-Markovnikov addi- 
tion of ammonia to an alkene. 


PROBLEM 
26-22 
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+ 
3 CH; Н, VE tet 
BR, B 
CRASH. NH,OSO,H —Hso; 


Ry 
CH; CH; 


NH,BR, ibe 
( ] H,0+ 
— 


Rearrangement of an alkyl group from boron to carbon provides another 
synthetically useful sequence of reactions for forming alcohols from alkenes. 
Carbon monoxide provides the carbon atom to which the original alkene skel- 
eton migrates, thus extending the initial carbon chain. Reaction is conveni- 
ently carried out at about 125°С without isolating intermediates. 


3CH,CH—CH, ME (CH,CH,CH,);COH 
з) NaOH/H,O/H,O, 


The reaction is believed to involve initial formation of a trialkylborane-carbon 
monoxide adduct from which alkyl migration takes place. Rearrangement of 
all three alkyl groups leads to а tertiary alcohol after oxidation and hydrolysis. 


LL CH,CH;CH; 
PARE + 
CÓ +°B(CH,CH,CH,), —> O=C—B—CH,CH,CH, —> 
CH,CH,CH, 
о 
> CON, 
CH,CH,CH,C—B—CH,CH,CH; — (CH,CH,CH,),C<—— B-CH,CH,CH, — 
CH,CH,CH; 


CH,CH,CH,),C—B=O 2#9°н/нО/н0,‚ (сн CH. CH). COH 
3 2 2/3 3 2/3 


When an equimolar mixture of triethylborane and tributylborane was 
treated with carbon monoxide followed by oxidation and hydrolysis, 
approximately equimolar quantities of triethylcarbinol and tributyl- 


carbinol were recovered. No diethylbutylcarbinol or dibutylethyl- 
carbinol was found. How does this result relate to the proposed mecha- 
nism for the reaction? 


From the proposed mechanism it would seem reasonable that secondary 
alcohols might be obtained if reaction could be stopped when two alkyl 
groups had migrated, and primary alcohols could be obtained if reaction were 
halted after only one group had migrated. Such modifications of the reaction 
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PROBLEM 
26-23 


PROBLEM 
26-24 


have been accomplished. Addition of an equimolar quantity of water to the 
reaction mixture inhibits migration of the third alkyl group. Water is believed 
to hydrolyze the intermediate borepoxide. Further hydrolysis leads to a sec- 
ondary alcohol. If peroxide is also added during this hydrolysis, the corre- 
sponding ketone is formed. 


чөн (>) ees 


Suggest a structure for the intermediate that is formed when 1 mol of 
water reacts with 1 mol of the borepoxide. Why would this intermedi- 
ate be less likely than the borepoxide to undergo rearrangement? 


When reaction is carried out in the presence of a reducing agent, only 
one alkyl group migrates. Work-up with aqueous base leads to a primary 
alcohol, whereas the addition of hydrogen peroxide oxidizes the alcohol to an 
aldehyde. These alkylborane reactions provide an excellent illustration of 
how knowledge of reaction mechanism can lead to useful synthesis modifica- 
tions. 


ie 1) (BH,),/diglyme/A 
3S (CHy,C-CH, 2) CO/LiAIH(OCH,), 


H NaOH/H,O 


| (CH;),CHCH,CH,OH 
[(CH,),CHCH,—], B—C—CH,CH(CH), < omo 
OAI(OCH;);Li > (CHj;CHCH,CHO 


Suggest a synthesis sequence for preparing each of the following com- 
pounds from an appropriate alkene. 


a [CH,CH,CH(CH,)],C—O 
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H. Pentacoordinate Carbocations 


One of the earliest indications that Wagner-Meerwein rearrangements 
involve carbocation intermediates came from experiments with the bicyclic 
terpene camphene. Camphene rapidly reacts with hydrogen chloride to pro- 
duce camphene hydrochloride with the chlorine atom in the exo (Sec. 16-3A) 
configuration. Lewis acid—catalyzed rearrangement of camphene hydrochlo- 
ride produces isobornyl chloride. Two important experimental observations 
were that rearrangement occurs more rapidly as the ionizing power of the 
solvent is increased and that optically active camphene hydrochloride rear- 
ranges to optically active isobornyl chloride. The rearrangement is stereospe- 


cific. 
КИС Че» us m 
а я 


Camphene Camphene Isobornyl 
hydrochloride chloride 


Interest was again focused on reactions of this type of bicyclic molecule 
when the chemistry of 2-norbornyl derivatives was investigated. Solvolysis of 
the exo or endo isomers of 2-norbornyl brosylate in acetic acid (acetolysis) 
leads to only the exo-2-norbornyl acetate. Furthermore, the exo isomer reacts 
about 350 times more rapidly than does the endo isomer. 


WHOA іЭ 

(М, зе = 350 ОАс 
OBs 

2-Norbornyl brosylate exo-2-Norbornyl acetate 


The result observed with the exo isomer is characteristic of neighboring 
group participation (Sec. 11-5) in which the rate of loss of brosylate is en- 
hanced while addition of acetate from the back side is inhibited. Overall re- 
tention of configuration is a consequence of two inversion steps. The endo 
isomer is apparently also influenced by this neighboring group effect, at least 
in terms of control of stereochemistry in the product. 

To account for these results, Saul Winstein proposed an intermediate 
norbornyl cation in which the electrons of a sigma bond participate in delo- 
calizing positive charge. The symmetrical structural formula depicts delocali- 
zation of the original C-6 to C-1 sigma bond electrons between carbons 6, 2, 
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and 1. Carbocations which are more than tricoordinate are usually called 
nonclassical carbonium ions. 


OBs The norbornyl cation 
A nonclassical carbonium ion 


The existence of the nonclassical carbonium ion would not imply that an 
electron octet has been exceeded. Rather, the electrons are simply shared by 
more atoms than is commonly observed. The nonclassical carbonium ion is 
usually considered to possess three "normal" two-electron bonds plus a 
three-center bond in which three atoms share two electrons. Such three- 
center bonds are also known in other types of compounds (Fig. 26-3). 

Efforts to elucidate the exact details of the interactions in norbornyl and 
related systems have resulted in one of the more lively controversies of mod- 
ern organic chemistry. At this time the validity of the pentacoordinate nor- 
bornyl cation is generally accepted by chemists. The pattern expected for the 
nonclassical intermediate has been observed in the '?C-NMR spectrum, taken 
in superacid media, of the antimony hexafluoride salt of a norborny] cation. 


SbF; 


FIGURE 26-3 H 

Some com- » 

pounds that pos- ве i2 

sess three-center H H H | ^g 

bonds. (The in- H 

tersection of Methonium ion Diborane 

dashed bond Three-center bonds to Three-center bonds to 
hydrogen hydrogen 


lines does not 
represent the 

Position of a H 
carbon atom.) c 


B ZB 
| 
H 
Dicarbahexaborane Hexamethyldialuminum 
Three-center bonds to carbon (Trimethylaluminum) 
(Dashed lines are usually not used Three-center bonds to carbon 


in this structure.) 


PROBLEM 


26-25 
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When optically active exo-2-norbornyl brosylate is solvolyzed in acetic 
acid until about 50 percent of the brosylate has reacted, chemically 
unchanged starting material is found to be partially racemized. 


a How does this result correlate with the proposed norbornyl cation 
intermediate? 


b Use structural formulas to show how addition of acetate to the 
nonclassical norbornyl cation leads to racemic exo-2-norbornyl ace- 
tate (molecular models may be helpful). 


26-2 Free-Radical and Anionic Rearrangements 


Migration to an electron-deficient center is the most common type of 
molecular rearrangement. In the preceding section we saw that such rear- 
rangements are usually promoted by acidic reagents or by the presence of 
good leaving groups. Rearrangements also follow free-radical pathways and 
can take place through anionic intermediates. Those which occur under basic 
conditions generally involve negatively charged intermediates. Migrations 
take place to electron-rich centers. In many cases anionic precursors lead to 
rearrangements which proceed by free-radical pathways. 


. Free-Radical Rearrangements 


Although skeletal rearrangements may occur from the free radicals gen- 
erated in high-temperature processes, including some of industrial impor- 
tance, such rearrangements are not very common under typical laboratory 
conditions. One approach which has been used to study free-radical rear- 
rangements is to generate the requisite precursor through an easily accessible 
reaction such as decarbonylation of an aldehyde. For example, homolysis of 
di-tert-butyl peroxide in the presence of 3-methyl-3-phenylbutanal initiates a 
free-radical chain reaction leading to a mixture of phenylbutanes. 


о 
2 H,),CO | -со 
C,H,C(CH)) СН. С ыы C,H,C(CH4,CH,C - 290; 


3-Methyl-3-phenylbutanal f 
C;H5C(CH3);CH; 


RCHO 


Н. abstraction 1) Rearrangement 
2) H- abstraction 


C,H,C(CHj), C,H,CH,CH(CHj), 
tert-Butylbenzene 2-Methyl-1-phenylpropane 
43% 57% 
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In this example, a rather close balance between the rates of rearrange- 
ment and hydrogen atom abstraction is evident. We also see that phenyl, but 
not methyl, migrates. In fact, methyl and simple alkyl groups do not normally 
rearrange in this type of free-radical process. 


CH, 
] 
CH,CH,—C—CHO Gh, CH,CH,CH(CH,), Мо rearranged 
CH, product 
2,2-Dimethylbutanal 2-Methylbutane 


The absence of alkyl migration in free-radical processes is in marked 
contrast to reactions of the related carbocations (Sec. 26-1A). Similarly 1,2- 
rearrangements of a hydrogen atom are almost never observed. Aryl is com- 
monly the only group that exhibits a significant migratory aptitude in these 
neutral free-radical reactions. 


C;H,CH. 
C6H5; -CH,CHO BT ae 
4 
2-(1-Phenylcyclopentyl)ethanal Benzylcyclopentane 


(CH,);CCH,CHO HORSE (CH), CHCH,C,H; 


3,3,3- Triphenylpropanal 1,1,2-Triphenylethane 


PROBLEM When 3-methyl-3-phenylbutanal is subjected to peroxide-initiated 
26-26 decarbonylation in the presence of methanethiol, almost no rearrange- 
ment product is observed. Suggest an explanation for this result. 


PROBLEM Many free-radical addition and substitution reactions lead to products 
26-27 with rearranged structures. Suggest a mechanism for each of the fol- 
lowing reactions. 


СІ 


| 
а CH,—CHCCI, —P* > BrCH,CHCHCI, 
Peroxides 


Br СІ 


| | 
b CH,CHCH, 2999, CH,CHCH,Br 


CH, CH,CCI, 
COL CCI,/peroxide 


(CHj,CCI 
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B. Anionic Rearrangements 


Rearrangements which are initiated by formation of an anion are usually 
referred to as anionic rearrangements. Most anionic reactions begin by re- 
moval of a proton by a strong base. We will see that the rearrangements of 
such anionic precursors may proceed by ionic or free-radical pathways. 

Reactions of a-halo ketones with hydroxide or alkoxide produce carbox- 
ylic acids or esters. The process, known as the Favorskii rearrangement, has 
been carried out with both acyclic and cyclic reactants. 


CH, 
| 
(CHj4CCHCCH, №0:9/%0н, (CHO CCHCO,C H,, 


T 


3-Bromo-4,4-dimethyl- Ethyl 2,3,3-trimethylbutanoate 
2-pentanone 


а о 
] 
(6H, — бен, NIOCH/CH,OH , (C,H,),CHCH,CO,C,H, 


1-Chloro-1,1-diphenyl- Ethyl 3,3-diphenylpropanoate 
2-propanone 
cl 9 COH 
c 1) NaOH/H,O 
2) HjO* 
a-Chlorodicyclohexyl ketone 1-Dicyclohexylcarboxylic acid 


The mechanism of the Favorskii rearrangement involves a cyclo- 
propanone intermediate that results from intramolecular displacement of ha- 
lide by an initially formed a-carbanion. Subsequent addition of the base to the 
cyclopropanone carbonyl, followed by ring opening to give the more stable 
carbanion, leads to the product. 


у ү 7 
с (а 
анк, к nN edo dott наг Ys 
а! Г 2105 / N 
б s Е 
<Я Eos 09 CE 
Se a Nar хи N\A 
RO СҮ PE nis. ета а 
E. О | О 
Siei i us Sou 
ие ов 


Although cyclopropanones are very unstable compounds, evidence for their 
participation is quite strong. An experiment carried out by using carbon-14 
labeling is illustrative. Reaction of 1,2-^C-2-chlorocyclohexanone with so- 
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dium isoamyloxide produced isoamyl cyclopentanecarboxylate. The C-1 and 
C-2 carbon atoms of the cyclopentane were equally labeled with 25 percent of 
the original ^C, and the ester carbonyl group contained 50 percent of the '*С. 
The carbonyl group carbon atom label is unchanged from the starting mate- 
rial, whereas the original C-2 label is equally distributed between two atoms 
of the product. This result is consistent with a symmetrical cyclic intermediate 
which can open in either direction with equal probability. 


т di -:0: OCH,CH,CH(CH,), 
3 NaOCH,CH,CH(CH,), t 
HOCH,CH,CH(CH,), 


1,2-4C-2-Chlorocyclohexanone 


(CH3),CHCH,CH,O,C* 4 ,'COCH,CH;CH(CHj), 
ВИ 


PROBLEM Provide an explanation for the observation that both A and B produce 
26-28 the same rearrangement product when treated with aqueous base. 
(0) 


| 
C,H,CH,CCH,CI 


А 


C,H,CH,CH,CO,H 


I 
CH,CHCCH, 


cl 
B 


deux Predict the configuration of the product of the following reaction: 


a CH, 
СОСН, 1) NaOH/H,0 CO,H 
————À—À5 
=н 2) H,O* CH, 
H 


CH, 


Conversion of a-diketones to a-hydroxy acids is known as the benzilic 
acid rearrangement. The reaction resembles an intramolecular Cannizzaro 
reaction (Sec. 8-4C). Applications of the rearrangement have generally been 
limited to aromatic diketones in which no o-hydrogen atoms are available to 
give condensation reactions. 
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-:0: :0 :0:- 
Ld оар 0) О 
C;H,C—CGH, + КОН чон, HO oe. fen > ие Чень = 
Benzil 
(Diphenylethanedione) СН но 
OH OH 
| H,O+ | 
-O,C—C(CH;, 2 > HO,CC(C4H;); 


Benzilic acid 
(2,2-Diphenyl-2-hydroxyethanoic acid) 


HO__.CO,H 
1) KOH/EtOH vii 
2)H,0* 
9,10-Phenanthrenequinone 9-Hydroxy-9-fluorenecarboxylic acid 


PROBLEM Show how reaction of benzil with anhydrous sodium ethoxide can lead 
26-30 to ethyl benzilate (ethyl 2,2-diphenyl-2-hydroxyethanoate). 


PROBLEM А mechanism similar to that of the benzilic acid rearrangement can be 
26-31 written for the Favorskii rearrangement. Use the reaction of 1,2-'^C-2- 
chlorocyclohexanone with ethoxide to show why this pathway does not 

apply to the Favorskii rearrangement. 


А group of reactions generally known as 1,2 anionic rearrangements 
involve movement of the migrating group to an adjacent anionic (electron- 
rich) atom. The Stevens rearrangement of quarternary ammonium or sulfo- 
nium salts, the Wittig rearrangement of ethers, and the Meisenheimer rear- 


rangement of amine oxides are typical. 


Stevens Rearrangement 
ik 
+ CH;L О 
C,H,CH,N(CH,); Е СВО, сн CHN(CHy), 
N,N,N-Trimethylbenzylammonium iodide a-N,N-Trimethylbenzylamine 
| | 
C H,CCHURCH, Br- Nonne, C,H,CCHSCH, 
C,H,CH; C,H,CH, 
Benzylmethylphenacylsulfonium bromide 1,3-Diphenyl-2-methylthio-1-propanone 
Wittig Rearrangement CH, 


C,H,CH,OCH; D GU/ESO/A , сн СНОН 


+ 
Benzyl methyl ether aae 1-Phenylethanol 
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Meisenheimer Rearrangement 


$ О p 
|+ A 
C;H,CH;N(CH3); —> C,H;CH,ON(CH;), 
N,N-Dimethylbenzylamine oxide N-Benzoxydimethylamine 


The mechanism of these rearrangements is currently attracting consider- 
able interest. A pathway involving heterolytic bond cleavage had been ac- 
cepted for many years. 


CH CH, 
~ 3 | 
C,H,CH,N(CHI- -СНУМЕНО ‚ с н CH (сн), — C,H,CHN(CHj), 
А nitrogen ylid 


More recent evidence suggests a homolytic process involving free-radical in- 
termediates. 


I b 
C,H,CCH,N(CHj), Bro N2OMe/McOH , GH.CCH-N(CH), — 


C,H,CH, C,H,CH, 
А nitrogen ylid 
T= T 7 
C,H,CCH—N(CHj), —> C,H,CCH—N(CHj), сон,Сн, — C,H,CCHN(CH,), 
C,H,CH, 


PROBLEM Why is it proper to use resonance structures to depict the radical-pair 
26-32 intermediate of the proposed Stevens rearrangement mechanism? 


PROBLEM a Propose an anionic mechanism for the Wittig rearrangement. 
26-33 


b Propose free-radical mechanisms for the Wittig and the Meisen- 
heimer rearrangements. 


26-3 Orbital Symmetry Considerations 
D In Sec. 16-3 we learned that the course of certain reactions can be under- 
stood and even predicted through consideration of the orbitals involved in 
the bond-making and bond-breaking Sequence. Processes in which the sym- 
metry of interacting orbitals is conserved are energetically favorable (“al- 
lowed"), and those in which symmetry is not conserved are energetically 
unfavorable ("forbidden"). 
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Many examples of molecular rearrangements can be rationalized by ap- 
plication of the principles of orbital symmetry. Recall that a fundamental crite- 
rion in applying orbital symmetry principles is that bond-making and bond- 
breaking processes take place simultaneously; that is reactions are concerted 
processes. In this section we will see how orbital symmetry methods are used 
to explain the characteristics of thermal rearrangements. Chapter 27 will cover 
related photochemical processes. 


. Sigmatropic Rearrangements 


Concerted reactions in which an atom or group migrates from one atom 
to another along a conjugated pi system are known as sigmatropic rearrange- 
ments. Typical examples involve migration of a hydrogen (or deuterium) 
atom from one end of a polyene to the other, movement of an alkyl group in 
a cycloalkene, and the rearrangement of a sigma bond between two parts ofa 
diene. 


CH,—CH=CH—CH=cp, -+ CH,=CH—CH=CH—CD,H 
1,1-Dideuterio-1,3-pentadiene 5,5-Dideuterio-1,3-pentadiene 


CH, 3 
c 


5-Methylbicyclo[2.1.1]-2-hexene 6-Methylbicyclo[3.1.0]-2-hexene 


E ^ ба 
— 
Su 
3-Dimethyl-1,5-hexadiene 2,6-Octadiene 


A two-number classification system is used for sigmatropic rearrange- 
ments. The numbers, which are set in brackets ([i, j]), represent the distance, 
in atoms, over which the bond moves in each fragment. Numbers used to 
represent movement in sigmatropic rearrangements do not correspond to the 
numbers used in naming the compound. 


1 


M 


| 
CH—CH-—CH-CH, > CH,=CH—CH=CH—CH, 
S 3 4 5 1 2 3 4 5 


- а= 


А [1,5] sigmatropic rearrangement 
M M 
| | 
CH,CH,CH—CH=CHCH, > CH,CH,CH—CH CHCH, 
1 2 3 


A [1,3] sigmatropic rearrangement 
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Consider the two examples above. In the first, a migrating group M has 
moved from one end of the conjugated pentadiene to the other. The number 1 
in the brackets indicates that the same atom which was attached to the migra- 
tion origin becomes bonded to the migration terminus. The number 5 in the 
brackets designates migration along the five atoms of the polyene system. In 
the second example the migrating group has moved across three atoms of an 
allylic system. 

When a sigma bond moves across two parts of a polyene system, the 
numbers of both termini are indicated. Thus migration in the 1,5-heptadienyl 
system below is a [3,3] sigmatropic rearrangement. 


= H; 2 CH; 
ig SS iM 
— 
WA Ww 
ž Y 


А [3,3] sigmatropic rearrangement 


We can use the HOMO-LUMO approach (Sec. 16-3C) to analyze the 
symmetry characteristics of sigmatropic rearrangements. In setting up the 
requisite frontier orbitals it is easiest to imagine that the electron pair of the 
sigma bond undergoing cleavage separates homolytically into two free radi- 
cals. Remember that this is only a conceptual approach that we are using for 
the analysis and does not represent the mechanism of the actual concerted 
process. 

Рога [1,5] shift of a hydrogen or deuterium atom the pentadienyl system 
must accommodate six electrons—one associated with the migrating group 
and a total of five from the pi system (four from the two double bonds and 
one from the sigma bond being broken). The highest occupied molecular 
orbital is therefore уз (Fig. 16-2). Recall that the mathematical sign of the 
hydrogen orbital must correlate with those of the lobe from which the atom 
departs and the lobe to which it migrates. In this example, migration main- 
tains orbital symmetry when the migrating group remains on the same side of 
the conjugated system—that is, when migration is a suprafacial process. This 
[1,5] sigmatropic rearrangement is both symmetry-allowed and geometrically 


feasible. 
$14 уз of a pentadienyl system 


[1,5] hydrogen rearrangement 
Symmetry-allowed and geometrically feasible 


PROBLEM 


26-34 
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j Using the same analytical approach, we find that a [1,3] sigmatropic 
migration would require that the hydrogen atom cross over the pi system to 
maintain orbital symmetry; an antarafacial rearrangement. This would be 
geometrically difficult in a concerted reaction and is not an experimentally 
observed process. 


W2 of a propenyl system 


[1,3] hydrogen rearrangement 
Symmetry-allowed 
Geometrically impossible 


(i) Classify each of the following transformations as an [ij] sigmatropic 
rearrangement; (ii) indicate whether the transformation would be a 
symmetry-allowed suprafacial or antarafacial process; and (iii) draw 
the orbital picture upon which the analysis is based. 


CH, CH, 


When an alkyl group migrates, an additional aspect of stereochemistry 
must be considered. Whereas the migrating hydrogen atom is envisioned 


with a symmetrical 15 orbital, the pathway for carbon atom migration involves 
electrons in a p orbital. Orbital symmetry can be maintained by using either 
lobes of the same sign (4) or opposite sign (b) of this p orbital in bond breaking 


and bond making. 
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PROBLEM 


26-35 


>Q 
"I 
\ 


\ 
\ 
\ 


/ 
4 са 
(a) 


/ 
(b) 


The geometrical restraints that require [1,3] and [1,5] shifts to proceed in 
a suprafacial manner can therefore be accommodated without violating or- 
bital symmetry rules. A [1,5] sigmatropic rearrangement at carbon would uti- 
lize the same orbital lobe for bonding to the migration origin and terminus (a), 
but a related [1,3] shift would involve opposite lobes (b). The stereochemical 
consequence is that a suprafacial [1,5] rearrangement proceeds with reten- 
tion of configuration at the migrating carbon atom and the suprafacial [1,3] 
process proceeds with inversion. 


Account for the stereochemical course of the following reaction. 


H, 


Two types of sigmatropic rearrangement that have been known for some 
time are the Claisen and Cope rearrangements. Both involve [3,3] shifts. The 
Claisen rearrangement is the thermal conversion of aryl or vinyl allyl ethers to 
allyl phenols. The allyl group normally migrates to the ortho position of the 
aromatic ring. However, if both ortho positions are blocked, rearrangement to 
the para position takes place. 


CH,CH—CH; H 
CH,CH=CH, 
200°C 
—— 


Allyl phenyl ether o-Allylphenol 
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OCH,CH=CH, OH 
CH; CH, СН. CH; 
tán 
CH,CH=CH, 
Allyl 2,6-dimethylphenyl ether 4-Allyl-2,6-dimethylphenol 


Studies using migrating groups labeled with "C or with substituents 
show that the allylic group is end-interchanged during the ortho rearrange- 
ment. That is, the alkene carbon atom furthest from the ether oxygen atom 
becomes bonded to the aromatic ring. These and other results which show 
that the Claisen rearrangement is intramolecular provide strong support for a 
concerted mechanism. 


*CH, 
ý {сн н 

aris A CH,CH—*CH, CH,CH=*CH, 

— H ЕЯ 

CH, 

OCH—CH=CH, H 
CH,CH=CHCH, 
hin, 


PROBLEM Draw an orbital picture to account for the Claisen rearrangement. 
26-36 


The simplest example of the Cope rearrangement involves sigma bond 
of a 1,5-hexadiene. The reaction is predicted to be suprafacial- 
facial and is believed to proceed through a six-membered transition 


migration 
supri 
state with a chair conformation. When substituents located on the 1,5- 
hexadiene skeleton allow the stereochemical course to be followed, the reac- 


tion is found to be stereospecific. 


Oy 
LX UN SU 


via 


1,5-Hexadiene 
CH, CH, 
CH,=CHCH—CHCH=CH, 180°C , CH,CH=CHCH,CH,CH=CHCH, 


meso-3,4-Dimethyl-1,5-hexadiene Z,E-2,6-Octadiene (cis, trans) 
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PROBLEM When “C-labeled allyl 2,6-dimethylphenyl ether undergoes para 
26-37 Claisen rearrangement, the carbon atom originally attached to oxygen 
becomes attached to the aromatic ring. Suggest a mechanism to account 


for that result. 


O—*CH,CH=CH, OH 
CH, H, 4, CH, 


CH, 


*CH,CH—CH, 


PROBLEM Show how a chair transition state can explain the stereochemical course 
26-38 observed for the Cope rearrangement of meso-3,4-dimethyl-1,5- 
hexadiene. 


PROBLEM Although pericyclic reactions are, in principle, reversible, the oxy- 
26-39 Cope rearrangement of 4-methyl-1,5-hexadien-3-ol is irreversible. Ac- 
count for this experimental observation. 


PROBLEM Suggest mechanisms, then use HOMO-LUMO orbital symmetry analy- 
26-40 515 to account for the results of the following ylid sigmatropic rear- 


rangements. 


a ( -esien, NaNH,/NH; Cr 


CH,N(CH,), 


i b NaOMe/THF uds 
a ine. i — 


B. Electrocyclic Rearrangements 


Many transformations are known in which a conjugated polyene and a 
cycloalkene interconvert. These processes are known as electrocyclic rear- 
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rangements. The butadiene-cyclobutene and hexatriene-cyclohexadiene in- 
terconversions are typical examples. 


(= 
Qd 


Consideration of the HOMO of the polyene provides a basis for orbital 
symmetry analysis of the bond reorganization process. Reaction is energeti- 
cally favorable (allowed) when the terminal orbital lobes of the same mathe- 
matical sign come together. 


Butadiene HOMO (уо) Hexatriene HOMO (уз) 


The interesting characteristic of electrocyclic reactions is revealed when sub- 
stituents are located at the ends of the polyene. Cyclization follows a unique 
stereochemical course. 


CO,CH; 
H „СОСН, ZA Cs 
H4CO С=С xm m O,CH 
з enar M ^u << СОСН, Em 2418, 
E H 


Dimethyl Z,E,-2,4-hexadienedioate cis-3,4-Dicarbomethoxycyclobutene 


= єн, CH, 
CH pos ен» Pe н А. Ga 
[еле PE NUS. H Сен, 
H IG H D. E 
H H Г 
E,Z,E-2,4,6-Octatriene (trans, cis, trans) 


An orbital symmetry analysis provides a rationale for the stereospecific- 
ity observed. As sigma bond formation takes place at the ends of the diene, 


cis-5,6-Dimethyl-1,3-cyclohexadiene 
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FIGURE 26-4 


Orbital interac- 


tions in the 


HOMO for a 
conrotatory and 


disrotatory 
electrocyclic 
reaction. 


or 


(а) Conrotatory 


or 


(b) Disrotatory 


the orbital lobes that will bond must rotate into a common plane. Substituents 
attached to the atoms involved in bond formation also must rotate in the same 
direction. Thus orbital symmetry can account for the reaction stereochemis- 


When the substituents (and orbital lobes) move in the same rotational 
direction during bond formation or cleavage, the process is said to be con- 
rotatory. Rotation in opposite directions is disrotatory. The thermal 
electrocyclic transformation of a four-electron pi system proceeds in a con- 
rotatory mode, and that of a six-electron pi system is disrotatory (Fig. 26-4). 

The correlation diagram approach (Sec. 16-3C) also can be used to ana- 
lyze these rearrangements. Symmetry elements which are maintained 
throughout the bond-making or bond-breaking process are chosen for consid- 
eration. We find, for example, that a plane of symmetry is maintained for the 
disrotatory electrocyclic conversion. 


= ura | | 
| | 
р | | 
ik > (к > eoo 
| І | 
| | | 
| р | 
О ' 
Terminal (Mirror Bonding 
orbitals plane) interaction 


If the reaction proceeds in a conrotatory manner, a twofold axis of symmetry 
is preserved. 


FIGURE 26-5 
Sigma and pi 
molecular 
orbitals of 
cyclobutene. 
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1-M > co 


Terminal (Symmetry Bonding 
orbitals axis) interaction 


In order to analyze the butadiene-cyclobutene reaction, the symmetry 
properties of the molecular orbitals undergoing change must be considered. 
We are already familiar with the four molecular orbitals of butadiene (Fig. 
16-2). For the cyclobutene there are the bonding and antibonding sigma and 
pi orbitals. Figure 26-5 illustrates these four molecular orbitals arranged in 
order of increasing energy. 


о* 


Ld 


Antibonding 


[5] Bonding 


nergy 
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FIGURE 26-6 
Correlation dia- 
grams for buta- 
diene- 
cyclobutene in- 
terconversion. 


PROBLEM 


26-41 
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TABLE 26-1 Summary of Symmetry Properties of Butadiene and 
Cyclobutene Molecular Orbitals. S = symmetric; А = antisymmetric 


Butadiene Cyclobutene 
Symmetry Element Symmetry Element 
Orbital Plane Axis Orbital Plane Axis 
Wa A 5 с" А А 
ГА 5 А т“ А 5 
ГА А 5 T 5 А 
м 5 А с 5 5 


Correlation diagrams can now be developed for the case involving а 
plane of symmetry and that involving an axis of symmetry. The four molecu- 
lar orbitals of butadiene and of cyclobutene are examined for the two symme- 
try elements. The results are summarized in Table 26-1. 

The data of the table lead to correlation diagrams for the cases of a plane 
of symmetry and an axis of symmetry (Fig. 26-6). The results indicate that 
correlation exists between the ground-state bonding orbitals for the diagram 
which reflects an axis of symmetry (Fig. 26-62). The thermal reaction is thus 
predicted to be an allowed conrotatory process. 

Symmetry correlation for the case involving a plane of symmetry re- 
quires crossover between bonding and antibonding orbitals (Fig. 26-65). This 
is not an energetically favorable thermal process, and so the disrotatory proc- 
ess is symmetry-forbidden. In Chap. 27 we will learn that favorable symmetry 
correlation between bonding and antibonding orbitals is characteristic of pho- 
tochemical reactions. 


(a) Axis of Symmetry (Conrotatory) (b) Plane of Symmetry (Disrotatory) 


(A) у.— —e* (A) 


(S) ae (A) 
(А) wt 47 (5) 


(S) y — {о (5) 


C=O 


(S) у т (A) 
(А) 24 (5) 


C= 


Use the correlation diagram approach to analyze the thermal 


electrocyclic rearrangement of 1,3,5-hexatriene to 1,3-cyclohexadiene. 
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C. Móbius-Hückel Analysis of Pericyclic Reactions 


The relation between aromatic stability and the number of electrons in a 
conjugated system was considered in Chap. 7. We saw that 4n + 2 pi elec- 
trons is a particularly favorable electron configuration (Sec. 7-4E). Systems 
with 4n pi electrons are not stabilized and are often termed antiaromatic. The 
concept has been applied to the pathways of pericyclic reactions using an 
approach known as the Mébius-Hiickel method. The idea behind this 
method is that a pericyclic reaction that proceeds through a transition state 
that has aromatic characteristics (in regard to electron interactions) is energet- 
ically favorable (i.e., allowed). 

The Móbius-Hückel concept, though derived from molecular-orbital the- 
ory, can be employed to analyze pericyclic reactions without using the actual 
molecular orbitals. Each atom of the interacting system is assigned a p orbital 
with one lobe black and one lobe white (or some other convenient designa- 
tion). A hydrogen atom involved in the reaction is depicted by a circle of one 
color representing an s orbital. For simplicity, we draw each reactant with the 
black lobes on one side and the white lobes on the other. Lobes representing 
the points of bond making are then connected to each other in a way that 
represents the suprafacial or antarafacial (or conrotatory or disrotatory) char- 
acter of the reaction. 

As an example of the Móbius-Hückel analysis consider the thermal 
cycloaddition of two molecules of 1,3,5-hexatriene to give a cyclo- 


dodecatetraene. 
fon prat 
uen Ий Q 


Reaction can take place in a suprafacial or an antarafacial manner without 
serious geometrical hindrance. The bond-forming pathways for the two pos- 
sibilities are depicted by the appropriate orientation of the colored lobes (Fig. 
26-7). 

All the colored lobes in the picture of the suprafacial-suprafacial path- 
way are upward. As a path is traced around the cyclic array of lobes, no 
change in color phase takes place. A drawing in which there is zero or an even 
number of phase changes in the relation between adjacent orbitals depicts a 
Hückel system. Thermal reactions proceeding through Hückel pathways are 
symmetry-allowed when they possess 4n + 2 interacting electrons. Thus the 
suprafacial-suprafacial cycloaddition above is forbidden, for the system has 12 
electrons—it is not a 4n + 2 system. 

The suprafacial-antarafacial pathway as pictured above has a twist in the 
cyclic array of orbital lobes. At one point a change in phase is depicted bya 
colored lobe adjacent to a white lobe. This configuration can be likened to a 
Mobius strip—the interesting mathematical figure with only one surface. A 
system in which there is one or an odd number of phase changes is desig- 
nated as Möbius (or anti-Hiickel). Thermal reactions proceeding through 
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FIGURE 26-7 

Móbius-Hückel 

analysis of the 

1,3,5-hexatriene 

cycloaddition. 

(Arrows point to SS 
the positions of Supra-supra 
new bond for- 

mation.) 


Supra-antara et. 
Reactants 


Möbius pathways are allowed when the system has 4n interacting electrons. 
The suprafacial-antarafacial [6 + 6]-cycloaddition is therefore allowed. The 
rules for application of the Móbius-Hückel approach are summarized in Table 
262. 

Móbius-Hückel analysis can be applied to any type of pericyclic reaction. 
In Sec. 16-3C we analyzed the Diels-Alder electrocyclic reaction using the 
HOMO-LUMO method. The same conclusion—that the reaction is a sym- 
metry-allowed suprafacial-suprafacial process —must also result when we use 


TABLE 26-2 Rules for Móbius-Hückel Orbital Symmetry Analysis of Thermal 


Pericyclic Reactions 
uL Lu ccc enr Lire dT ООО 


Number of Electrons 


Number of Phase Changes Type of System Allowed Forbidden 
О: Faser, Hückel 4n +2 4n 


Т Möbius 4n 4n+2 
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FIGURE 26-8 
Mópbius-Hückel 
analysis of the 


Diels-Alder reac- 


tion. 
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‘Two phase changes 


the Móbius-Hückel method. In this case we draw orbital representations for 
the diene and dienophile reactants. The drawings show either zero or two 
phase changes, depending upon how we set up the lobe colors. In either case 
a Hückel system is predicted. The 4n + 2 pi electrons of the Diels-Alder reac- 
tions therefore lead to an “allowed” thermal pathway (Fig. 26-8). 

Asa further example consider the [1,5] sigmatropic shift of a hydrogen 
atom. The pentadienyl system is represented by five р orbitals, and the hy- 
drogen atom is a single circle, an s orbital. When hydrogen migration takes 
place by a suprafacial process, no phase change is observed. The pathway is 
Hückel, and the process is allowed because six pi electrons are involved (Fig. 
26-9). If we had depicted the process as antarafacial, one phase change would 
be observed, i.e., we would be looking at a Móbius system, and the process 


would not be symmetry-allowed (Fig. 26-9). 


Use the Hückel-Móbius method to predict whether each of the follow- 
ing thermal pericyclic reactions is symmetry-allowed or symmetry- 
forbidden. 

a A suprafacial [3,3] sigmatropic rearrangement. 

b A suprafacial anionic [2,3] sigmatropic rearrangement. 


c An anionic [1,2] sigmatropic rearrangement in which a carbon atom 
migrates with inversion of configuration. 
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d A suprafacial-suprafacial [2 + 2]-cycloaddition. 
e The conrotatory electrocyclic ring closure of 1,3,5-hexatriene. 


Summary 


Molecular rearrangements are reactions in which atoms or groups mi- 
grate within molecules. A change in the molecular skeleton often takes place. 
Rearrangements that involve migration of a group with its bonding electrons 
to an electron-deficient center are most common. Migrations to a carbocation 
are broadly classified as Wagner-Meerwein rearrangements. They are favored 
when migration results in formation of a more stable carbocation. 

The tendencies for groups to migrate to an electron-deficient center have 
been compiled into a sequence of migratory aptitudes. Although the relative 
magnitudes of migratory aptitudes depend on the actual reaction under con- 
sideration, it is generally found that migration of electron-rich groups is fa- 
vored. 

Configurational change may occur in the migrating group and at the 
migration terminus. In most examples of rearrangement to an electron-defi- 
cient center the migrating group retains configuration and the stereoselec- 
tivity at the migration terminus tends toward inversion. Migration of aryl 


FIGURE 26-9 
Móbius-Hückel 
analysis of a 
(1,5) sigmatropic 
hydrogen migra- 
tion. 
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groups is usually stereospecific as a result of the formation of a phenonium 
ion intermediate. 

A large number of synthetically important reactions involve migrations 
to electron-deficient atoms other than the carbocation. They include migra- 
tion to the carbon atom of a carbene as well as to nitrogen and oxygen atoms. 
The involvement of tetra- and pentacoordinate carbocations in certain carbon- 
to-carbon rearrangements has been proposed. 

Rearrangements that proceed through intermediate carbanions and free 
radicals are much less common. Free-radical rearrangements are often initi- 
ated by the decarbonylation of aldehydes. Anionic rearrangements usually 
take place in strongly basic media, and they frequently involve initial forma- 
tion of a carbanion. In some cases homolytic bond cleavage of the anionic 
molecule may lead to a free-radical rearrangement. 

Some molecular rearrangements proceed through pericyclic pathways. 
Orbital symmetry methods can be employed to explain and predict the course 
of these reactions. 


Supplementary Problems 


Predict the major product from each of the following reactions. 


1) CH,N,/Et,O 
—— 
а CyH,CH,COC Bes 
3) HO* 
CH,CH, 
b CH,C-NoH Jes, 


(Both stereoisomers) 


1) SOCI, 
c (уон т 
3) A/HO* 


d cis-2,3-Dimethylcyclobutanone р unen 
(Optically active) 
CH; 
Сну с CH; H,SO, 
CH; М, 


OH 
'CH,CL 
; p сосн, ae H,Cl, 


А 
d (У аъеоаень, E 


One of the many reactions whose results support acyl-oxygen cleavage in ester hydro- 
lysis is the reaction of neopentyl acetate with aqueous acid. 


CH,CO,CH,C(CH,); + НО 9. CH,CO;H + (CH), CCH,OH 
What product(s) would you predict if alkyl-oxygen cleavage had occurred? 


1916 
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26-50 
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Although 1,2 migrations of a hydrogen atom are not observed in free-radical rear- 
rangements, 1,4 and longer-range rearrangements are common. Such intramolecular 
free-radical rearrangements are believed to take place through cyclic mechanisms. Evi- 
dence for this type of process has been obtained during addition of a labeled methyl 
radical to ethylene. 


2 CH=CH; + : CD; — CD4CH—CH, + CD;HCH—CH; + CHIDCH—CH; 
The reaction products can be accounted for by postulating a series of hydrogen atom 


(and deuterium) transfer steps from an initially formed pentane free radical. Suggest a 
mechanistic sequence to account for these products. 


Account for the different results observed when each isomer of 1,2-dimethyl-1,2- 
cyclohexanediol is treated with acid. 


Н; 
Ht Hs 
cis-1,2-Dimethyl-1,2-cyclohexanediol Tar 


А н+ CH; 
trans-1,2-Dimethyl-1,2-cyclohexanediol ШУ е CH, 
] 
Ó 


Suggest a mechanism for each of the following peroxyacid-promoted reactions: 
оо оо 
W Peroxyacid ПД 

а CH,C—CCH, —79"**, CH,COCCH, 


o 
a 
b CoH Teed Сн сон 


The benzidine rearrangement of hydrazobenzene is catalyzed by acid and has been 
shown, by various labeling studies, to be intramolecular. Suggest a mechanism for the 


reaction. 
Qe Qt OD em 


Hydrazobenzene Benzidine 


When optically active endo-2-norbornyl brosylate is solvolyzed in acetic acid, exo-2- 
norbornyl acetate product possesses a small percentage of optical activity. This con- 
trasts with the same reaction of optically active €xo-2-norbornyl brosylate, in which 
only racemic product is obtained. Account for the result from the endo reactant. 


Use orbital symmetry considerations to predict the product of the thermal cyclization 
of each of the following compounds: 

a E,Z,Z-2,4,6-Octatriene 

b 1,6-Dimethyl-Z Z Z-1,3,5-cyclodecatriene 

c 7-Cyano-7-trifluoromethyl-Z,Z,Z-1,3,5-cycloheptatriene 

d E,Z,Z,E-2,4,6,8-Decatetraene 


Show how caprolactam, the monomer for nylon-6, can be readily prepared from 
cyclohexanone. 
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26-52 Suggest a mechanism for each of the following reactions: 


26-54 


a М + Маг Acetone, ука 
СН,Вг 


BrCH; 
b CH,CH,CH,CH,OH -E9*, cH,CH—CHCH, 
NHOH NH, 
a H,O+ 
H 
Br 
d (CH), C бенувг 2 Он- acr! ug (CH,),C=CHCO,H + 2Br- 


СНзСО, Сен: СО, 


AICI,/CH,Cl, 


T N 


OM, cdi d ОН + СН; Pis 


The Stevens and other 1,2 anionic rearrangements had been proposed to proceed by a 
front-sided concerted displacement mechanism in order to account for the observed 
retention of configuration of the migrating group. What does orbital symmetry predict 
for this process? (Treat the ylid linkage as a double bond.) 


"CH, CH; 
f CHCH- On, 2 


l- + Г 
CoHsCCH-N(CH5)2 —э СёН.ССНМСН,), 
C;H4CHCH; C,H,CHCH; 
Optically active Retention of configuration 


An “abnormal” Beckmann rearrangement (actually a fragmentation) often accompa- 
nies normal rearrangement. There is evidence that both reactions proceed through a 


common intermediate. 


| 
(HJ, CHCCH, 1:80, (C,H,),CHNHCCH, + (C4Hj);CHOH + CH,C=N 
NOH Rearrangement Fragmentation 


Propose a mechanism for this abnormal reaction and suggest which type of migrating 
groups might lead to significant quantities of this side product. 
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26-55  The[3,3] sigmatropic Cope rearrangement has attracted considerable theoretical inter- 
est because of the possibility of degenerate rearrangements—bond migration proc- 
esses in which the reactant and product are chemically identical. (The 1,5-hexadiene 
rearrangement is degenerate.) The process is not an example of resonance, for atoms 
move during the rearrangement. The terms valence bond tautomerism and fluxional 
isomerism are often used to describe these changes (Sec. 7-2C). Bicyclo[5.1.0]-2,5- 
octadiene and tricyclo[3.3.2.0?5] deca-3,6,9-triene (bullvalene) are examples of flux- 
ional molecules. Use mechanistic arrows to show the bond rearrangements for the 
fluxional isomerization of each of these compounds. 


о: 


Bicyclo[5.1.0]-2,5-octadiene 


== Q === 1 x 106 more possibilities 


Bullvalene 


26-56 Suggest a mechanism for each of the following: 
a The natural keto-lactone santonin is extracted from Indian plants for use as a medic- 
inal to control intestinal parasites. In sulfuric acid santonin yields desmotroposan- 


tonin. 
CH, сн, 
о CH, 4", Ho CH, 
CH; но 
o О 


Santonin Desmotroposantonin 


b Considering the mechanism of the santonin change above, rationalize the some- 
what more complex, but analogous, reaction below. 


DER CH, R н, 
не E 
+ 
OH OH R 


c The oil caryophyllene is a natural constituent of cloves. On treatment with sulfuric 
acid, it isomerizes to a substance called clovene. 


CH; 3 CH, 
[URN Ug 
CH, CH; 


Caryophyllene Clovene 
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d The Amadori rearrangement. 


H OH 
HO Hi OH 


Show how each of the following conversions could be accomplished using a sequence 
involving a rearrangement reaction. 


а (C4Hj,CO —> C,H,CONHGH, 


Explain how the following reactions are consistent with the mechanism proposed for 
the Baeyer-Villiger rearrangement. 


зо 18 
ll CO,H 0) 
C,H,CC,H, SEF, Cu c 


OC,H; 


I o 
CH,CCHCH, _GH,CO,H/CHCI, , сс“ 

сн, OGN: 
CH 


(Optically active) (Optically active—retention of 
configuration) 


Electrocyclic ring opening is just the reverse of the cyclization process. One examines 
the signs of the HOMO lobes at the end of the forming polyene, then deduces how 
that information correlates with bonding and stereochemistry of the cyclic precursor. 
Use orbital-symmetry methods to predict the stereochemical course of each of the 


following thermal reactions. 


a 2, CH,O,CCH=CHCH=CHCO,CH, 
H CO,CH, Dimethyl E,E-2,4-hexadienedioate 
2 
H,CO,C H 
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CH; 
CH; 
b А, CH,CH—CHCH—CCH—CHCH, 
x 4-MethyI-E,Z,E-2,4,6-octatriene 
CH; HCH” 
с CH,™) Ё зщ 1,6-Dimethyl-Z,Z,E-1,3,5-cyclononatriene 


When 1,5-hexadien-3-ol is heated, an isomeric compound A can be recovered. A 
has characteristic IR absorptions at 2700 ст”! (3.7 um), 1736 cm^! (5.76 итп), and 
1650 ст! (6.06 шт) апа a weak UV absorption at 290 nm. Suggest a structure for A. 
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Most of the chemical reactions which we study. require the input of con- 
Siderable energy to proceed. If the reaction is endergonic (AG? > 0), energy 
is needed to provide a significant yield of products. However, even exer- 
gonic reactions (AG? < 0) may be immeasurably slow at ordinary laboratory 
temperatures if they are characterized by a large energy of activation. 

Energy to control reaction rates is usually introduced conveniently as 
heat. Photochemical and electrochemical methods provide alternative ways to 
add energy to reactants. In photochemistry, light absorbed by the photoactive 
portion of the molecule, the chromophore, provides energy to the system. 
The electrical potential generated between two electrodes is the source of 
energy in electrochemistry. The electroactive group—an electrophore— 
possesses some group or atom capable of gaining or losing electrons at an 
electrode. 

Energy introduced by the latter two methods differs in a very important 
way from thermal energy added to promote reactions. Thermal energy flows 
in and out of systems in the form of very small, discrete increments of energy 
known as quanta. The energy is rapidly transferred back and forth and appor- 
tioned among the molecules of the System in a statistical manner. It is not 
possible to activate one specific compound of a mixture by thermal methods. 

Photochemical and electrochemical techniques make possible the selec- 
tive introduction of energy into compounds. In photochemistry, light quanta 
are absorbed by individual molecules; those that have the proper chromo- 
phore. Those molecules may then remain in a state of excitation long enough 
to undergo reactions. In electrochemistry, electrons are added to or removed 
from specific molecules to produce energy-rich ion radicals, 

Much of the chemistry that takes place after photo- or electroactivation 
resembles thermal reactions with which we are already familiar. We will see, 
however, that the method of activation can control the pathways through 
which this chemistry occurs. The value of these alternative methods is, in 
fact, the capability of directing reactions in rather specific ways. 
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Principles of Photochemistry 


. Absorption of Electromagnetic Radiation 


The absorption of electromagnetic radiation by a molecule depends on a 
correspondence between the radiation energy and the energy of certain mo- 
lecular transitions. The energy associated with ultraviolet and visible light is 
sufficient to excite electrons in molecules (Sec. A-4). The molecules are said to 
be excited from their ground states to electronically excited states. In many 
cases the energies imparted to compounds by such photoexcitation are simi- 
lar to covalent bond energies (Table 27-1) and can initiate chemical reactions. 

The typical upper limit of energy available for photochemical processes 
is near 143 kcal/mol (598 kJ/mol). That corresponds to a lower wavelength 
limit of about 200 nm for effective transmission of light through air. Strong 
absorption below 200 nm by oxygen in the air necessitates the use of vacuum 
ultraviolet equipment if higher energies (shorter wavelengths) are to be em- 
ployed. When soft glass is used as the reaction vessel, most of the UV radia- 
tion below 360 nm is absorbed by the glass, so that the practical energy maxi- 
mum is near 80 kcal/mol (335 kJ/mol). Pyrex glass is a better light transmitter, 
and quartz is the most transparent of the common materials used in photo- 
chemical apparatus. 

Light energy is absorbed by molecules in quantized units known as pho- 
tons (or quanta), which are the amounts of energy required to excite specific 
electrons. Avogadro’s number of photons (6 x 1023) 15 known as an einstein. 
Since the energy is proportional to the frequency of the light absorbed 
(е = hv), an einstein of light represents a different amount of energy depend- 
ing on the wavelength of the light. 


TABLE 27-1 Energies Associated 
with the Wavelength of Light 


Absorbed 
Energy 

А, nm kcal/mol kJ/mol 
200 143.0 598 
250 114.4 479 
300 95.3 399 
350 81.7 342 
400 71.5 299 
450 63.5 266 
500 DX 239 
550 52.0 218 
600 47.7 200 
650 44.0 184 


700 40.8 171 


1024 Photochemistry and Electrochemistry 


The relation between the number of molecules which undergo a particu- 
lar photochemical reaction and the number of photons absorbed is the quan- 
tum yield Ф. 
number of molecules undergoing a particular process 

number of photons absorbed 


o 


The number of molecules undergoing a particular process is a measure of the 
chemical yield. The number of photons absorbed by the system can be deter- 
mined by a chemical or instrumental actinometer. 


. Excited States 


Electrons in ground-state organic molecules are assigned to orbitals la- 
beled sigma (о), pi (7), or nonbonding (п). Molecular-orbital theory postu- 
lates not only the occupied orbitals but also unoccupied, usually antibonding, 
orbitals (Sec. 2-4). When electrons are excited in molecules, they are pro- 
moted from occupied to unoccupied orbitals. The electronic transitions are 
often described by naming the orbitals of origin and termination. For exam- 
ple, an и — м* (n to pi star) transition represents excitation of an electron 
from a nonbonding orbital n to an antibonding z* orbital and a 7 — * (pi to 
pi star) transition indicates movement of an electron from a bonding т orbital 
to an antibonding 7* orbital. 

Normally only two of the possible transitions—the n > z* and the 
т — т*—аге of interest in organic photochemistry. Consider, for example, 
the absorption spectrum of benzophenone (Fig. 27-1). Two maxima are ob- 
served: one at 245 nm and the other at 345 nm. The 245-nm absorption is 
attributed to a т — т*, and the 345-nm band to an и > 7* electronic transi- 
tion. In benzophenone and many unsaturated organic compounds, the 7 
molecular orbital is of lower energy than the и molecular orbital, so that 7 > 
п” transitions require greater energies than п — п* transitions require. 


FIGURE 27-1 
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Acetone has its и — 7* transition at 270 nm and that of 3-buten-2-one is 
at 324 nm. Use orbital energy diagrams to account for the different 


wavelengths of these absorptions. Use your diagrams to show that the 
т — п* absorptions are at shorter wavelengths for both compounds 
(189 nm for acetone and 219 nm for 3-buten-2-one). 


We must not forget that certain quantum-mechanical rules have been 
derived to account for the properties of electrons in orbitals (Sec. 2-4). When 
two electrons are accommodated by the same orbital, their spins must be 
opposite; that is, they are paired (Pauli exclusion principle, Sec. 2-4C). A 
molecule in which all electrons are paired is said to be in a singlet state (S). 
When two electrons are assigned to different orbitals, Hund's rule (Sec. 2-4C) 
predicts that the lowest energy state will be one in which those two electrons 
have parallel spins and are unpaired. A molecule in which two electrons are 
unpaired is in a triplet state (Ту, T», etc.). Singlet and triplet are known as spin 
state multiplicities. A schematic representation of those electron configura- 
tions is given in Fig. 27-2. 


FIGURE 27-2 
Representation 
of the configura- 
tions in ground 
and lowest ex- 
Cited states of 
the two electrons 
in a diatomic 
molecule. 


Ground state Excited Excited 

Singlet (Sọ) Singlet (S,) Triplet (T,) 
Antibonding n + + 
Bonding + e E 


. Photochemical Processes 


The first step in a photochemical reaction is excitation of a molecule 
through absorption of one photon. Whether this excited molecule leads to a 
chemical reaction or returns to the original ground state depends upon its 
lifetime and potential intramolecular or intermolecular interactions within the 
system. Such processes can be accounted for by the energy relations between 
molecules and by quantum-mechanical rules. 

Consider the potential-energy diagram for the ground and excited states 
of a diatomic molecule (Fig. 27-3). The lowest point of each curve represents 
the equilibrium interatomic distance for that particular electronic configura- 
tion. The excited states in which electron interactions are expected to be less 
favorable have somewhat longer interatomic distances. Horizontal lines 
within each curve represent slight differences in energy levels due to vibra- 
tional and rotational motions of the molecule. 

The photoexcitation process is very rapid; it is faster than a molecular 
vibration. Thus a molecule will initially have exactly the same interatomic 
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FIGURE 27-3 
Potential-energy 
curves and elec- 
tronic transitions 
for a diatomic 
molecule. 
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So— 51 excitation 
Vibrational relaxation 

Sı — 55 radiationless decay 
Sı > Sy fluorescence 

$,— T, intersystem crossing 
: Vibrational relaxation 


: T; — So radiationless decay 


ZTOnmmOO ws > 


: Тү > So phosphorescence 


Energy 


Interatomic distance 


distances in the excited state as it had in its original state (the Franck-Condon 
principle). The transition from ground-state singlet to excited singlet is desig- 
nated by line A in Fig. 27-3. In this particular illustration of a vertical transition 
process the molecule ends up in one of the higher vibrational S; states. Vibra- 
tional relaxation to the lowest S; state (wavy line B) occurs rapidly. 

A molecule in the excited singlet state has a typical lifetime of 107? to 
107 s. During that time it may return to the ground state as electronic excita- 
tion energy is converted to vibrational energy (wavy line C) or expended in 
photoemission (line D). The Photoemission of energy associated with an 
51 > 50 transition is known as fluoresence. Decay of an excited state to an- 


other state of the same multiplicity (singlet to singlet or triplet to triplet) is 
called internal conversion. 


Fluorescence can be detected by spectroscopic methods. Why does it 


occur at a lower energy (longer wavelength) than the related absorption 
band of a compound? 


One of the important selection rules of Spectroscopy predicts that 
singlet-to-triplet transitions caused by the absorption of light are forbidden. 
Consequently, light absorption by singlet ground-state molecules (50) is ex- 
pected to produce only excited singlet-state molecules (51, 52, etc.). The ex- 
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cited singlet molecules may, however, undergo intersystem crossing (wavy 
line E), a relaxation process in which they lose some of their energy and 
become triplets. Although intersystem crossing is a "forbidden" process, it 
does occur with many excited molecules. Excited benzophenone, for exam- 
ple, converts almost completely from 5; to T;. 

Intersystem crossing is a horizontal transition and therefore occurs with- 
out any initial change in energy level. Since the triplet state is normally of 
lower energy than the excited singlet, S; — Т; transitions produce an excited 
molecule in one of the higher triplet vibrational states. Rapid vibrational relax- 
ation (wavy line F) leads to the lowest triplet vibrational level. 

The lowest triplet is the longest-lived of the electronic excited states. 
Decay of the triplet state to ground state may take place by a radiationless 
process (wavy line G) or the photoemission (line H) known as phosphores- 
cence. Because molecules in the Т, state decay more slowly than in other 
excited states, they are often the species which undergoes the chemical reac- 
tions. 


What is the most likely physical manifestation of the radiationless 


decay processes in which energy absorbed during irradiation is con- 
verted to vibrational and rotational motions? 


. Energy Transfer and Photosensitization 


A molecule may be promoted to an electronically excited state by an 
indirect process, i.e., by the transfer of energy from another molecule already 
in an excited state. The most common indirect excitation method is photosen- 
sitization—the process whereby a photoexcited molecule expends its energy 
in exciting another molecule. 

The photoexcited molecule, which is known as a photosensitizer, ab- 
sorbs light at a wavelength different from that of the molecule it will subse- 
quently excite. The photosensitizer must be in an energy level higher than 
that to which the second ground-state molecule is to be excited. Furthermore, 
quantum-mechanical rules predict that energy transfer will be rapid only if 
the spin state is conserved in the exchange. A triplet sensitizer produces a 
new triplet excited-state molecule, and a singlet sensitizer leads to a singlet 
excited-state molecule. 

Benzophenone is a common triplet sensitizer; it possesses a triplet en- 
ergy level of 69 kcal/mol (289 kJ/mol). Irradiation of a low-temperature glassy 
solution of benzophenone and naphthalene in ethanol-ether at about 345 nm 
results in the phosphorescence of the naphthalene. Since naphthalene has no 
appreciable absorbance at 345 nm, the requisite triplet excitation must have 
come from the excited triplet of benzophenone. (We will use an asterisk to 
designate an excited molecule and the number 1 or 3 to designate singlet or 
triplet spin state multiplicity, if known.) 
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(6H, CO > (c,H),—0*: — (cH), c-0*s 


#3 
(СН, С=0*3 + xcii (CH) C=O + E. 
pe я 4 


(Phosphorescence) 


The fact that naphthalene can be photosensitized by triplet benzophe- 
none tells us that the triplet energy of naphthalene must be lower than that of 
benzophenone. The triplet energy of naphthalene has, in fact, been found to 
be 61 kcal/mol (255 kJ/mol). 


Photochemical Reactions 


A photochemical sequence can be divided into three parts: 


1 Absorption of light to produce an electronically excited molecule 

2 Primary photochemical processes that involve the excited molecule 

3 Secondary (or dark) reactions of the species produced by the primary proc- 
ess 


In the preceding section we considered the processes associated with 
photoexcitation and with interconversions between excited states. In this sec- 
tion we will explore some of the reactions that can take place once a molecule 
is excited—i.e., we will investigate the chemistry of photochemical processes. 

Photochemical reactions, like the processes we have studied earlier, are 
usually unimolecular or bimolecular. In a unimolecular reaction an electroni- 
cally excited molecule undergoes a chemical change without involving other 
molecules. The chemical reaction can be regarded as a type of nonradiative 
decay process. Photolysis, the cleavage of bonds as a result of photoactiva- 
tion, and intramolecular rearrangement are typical unimolecular photoreac- 
tions. 

In a bimolecular photoreaction a molecule in an excited state usually 
reacts with a ground-state molecule. The ground-state molecule may be an 
unexcited form of the excited molecule or some other constituent of the reac- 
tion mixture. Reaction between two excited molecules is not common, since 
each excited molecule is present in low concentration in ordinary photochem- 
ical experiments. 


Photoreduction 


The excited states of the carbonyl groups of many aldehydes and ke- 
tones are excellent hydrogen atom abstractors. Their reactions resemble those 
of ketyl free radicals. In Sec. 24-3E we saw that ketyls generated by alkali 
metals can dimerize to form pinacols. Similar chemistry is promoted by 
photoactivation. 


27-2 Photochemical Reactions 1029 


Consider the irradiation of benzophenone in the presence of toluene. 
Benzpinacol (1,1,2,2-tetraphenyl-1,2-ethanediol), the product of benzophe- 
none reduction, is produced along with bibenzyl (1,2-diphenylethane) and 
benzyldiphenyl carbinol (1,1,2-triphenylethanol). We can account for the 
products if we assume a free-radical process in which triplet excited-state 
benzophenone is the hydrogen-abstracting reagent. In the steps depicted 
below for this reaction, the initial singlet state benzophenone undergoes in- 
tersystem crossing to the triplet state which actually begins the chemical reac- 
tion. Note that the excited species decay to the ground states of the first 
reaction products (free radicals) after hydrogen abstraction (the chemical reac- 
tion) takes place. 


э Intersystem 
(C,H4,C—O > (CH, C=0* —9 98. (C H;,C—O** 
(C,Hj,C—O*3 + C;H,CH, —> (C,H,),C—OH + CHSCH; 
Benzophenone ketyl Benzyl free 
radical 


OH is 
2(C,H;),C—OH bayag (C6H5) C— C(C; H3)» 


Benzpinacol 


2C,H,CH, —> C,HCH,CH,C4H; 
Bibenzyl 


OH 


(C,H.,C—OH + C,H,CH; — (CH), CCH, C,H, 
Benzyldiphenyl carbinol 

One photon is required for each molecule of benzophenone which is 
consumed in the formation of benzpinacol. The quantum yield for disappear- 
ance of benzophenone therefore tends toward a maximum value of 1 for that 
process. Another way to consider the quantum yield for the reaction is in 
terms of the number of photons absorbed per molecule of benzpinacol 
formed. The photoreduction in toluene consumes two excited benzophenone 
molecules in the formation of one molecule of benzpinacol. Thus the quan- 
tum yield for formation of benzpinacol tends toward a maximum value of 
0.5. One must clearly define what is being compared in the calculation of 
quantum yield. 

Benzpinacol is also formed, along with acetone, when benzophenone is 
irradiated in the presence of 2-propanol. However, in this reaction the quan- 
tum yield for disappearance of benzophenone is found to tend toward a maxi- 
mum value of 2. How can we account for the differences between the seem- 
ingly similar reactions? 

The details of this photoreduction reaction have been carefully investi- 
gated. A mechanism involving hydrogen atom transfer from the intermediate 
2-hydroxy-2-propyl free radical (acetone ketyl) to benzophenone is generally 
accepted. The mechanism accounts for formation of the two benzophenone 
ketyls required for production of one molecule of benzpinacol by absorption 
of only one photon of light. 
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(C;Hj,C—O 55 (CH, c-0* 
(C,H;),C—O** + (CH), CHOH —> (C,H,),C—OH + (CH), C—OH 
Benzophenone ketyl Acetone ketyl 


(CcH;),C=O + (CH;),C—OH —> (C,H,),C—OH + (CH,),C=O 


Acetone 


H он 
2(C,H,),C—OH — (C,H,);C-—C(C,H,), 


PROBLEM Suggest an explanation for the fact that the benzyl free radical dimer- 


27-4 izes in the photoreduction of benzophenone with toluene whereas the 
2-hydroxy-2-propyl radical formed in the presence of 2-propanol gives 
up a hydrogen atom to benzophenone. 

PROBLEM Suggest a reaction sequence for the photoreduction of benzophenone 

27-5 in the presence of diphenyl methanol. What maximum quantum yield 


would be expected for the disappearance of benzophenone and for the 
formation of benzpinacol in this reaction? 


B. Photolysis 


Irradiation of a molecule often leads to homolytic bond cleavage and 
produces free-radical intermediates. Acetone, for example, undergoes photo- 
lytic cleavage at the carbon-carbon bond alpha to the carbonyl group. The 
process, which is often referred to as a Norrish type I cleavage (Ronald Nor- 
rish shared the Nobel prize in chemistry in 1967), leads to an alkyl and an acyl 
free radical. 

| T 
CH;CCH, > Сн,С. +CH, 
Norrish type I cleavage 


When carried out in the gas phase above 100°C, this primary photo- 
chemical process is followed by secondary decarbonylation. The products are 
principally carbon monoxide and an alkane. 


|| 
CH,C: —> - CH, + СО 
“GH, ^ CHs—CH, 


The reaction is quite general for acyclic and cyclic ketones, 


] 
C;H,CH,CCH,C,H; № C;H;CH,CH;GH, + CO 
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СН 


СН; 
о, | + со 
teH, 


Сн; 


The carbonyl group is the chromophore that is photoactivated in an 
n — п" transition. The excitation energy of the lowest triplet state of simple 
alkyl ketones is relatively close to the energy required for homolytic cleavage 
of the alpha carbon-carbon bond. Unsymmetrical ketones tend to undergo 
dissociation so as to give the more stable of the two possible alkyl free radi- 
cals. 


| h [| 
CH,CCH,CH, ——> CH,C: + : CH,CH; 


|| || 
CH,CC(CH,), > CH,C- + - (CH, 


Irradiation of 2,2,4,4-tetramethyl-3-pentanone (di-tert-butyl ketone) in 
a solution of carbon tetrachloride produces 2,2-dimethylpropanal 
(pivaldehyde), chloroform, 2-methylpropene, 2-chloro-2-methylpro- 


pane, and carbon monoxide. Suggest a pathway to each of these prod- 
ucts. 


Another photolysis reaction of ketones is a photoelimination known as 
the Norrish type II cleavage. The reaction takes place with ketones bearing a 
hydrogen atom attached to the y-carbon atom. The photoexcited carbonyl 
group abstracts the y-hydrogen atom in the primary photochemical step. A 
favorable six-membered cyclic pathway is believed to be involved. Secondary 
reaction of the diradical results in cleavage to give an alkene and a new ke- 
tone. 


о «07 ‘сн, 
[| 
CH,CCH,CH,CH,CH, “> CH;C 


OH OH 


CH,CCH, 
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Esters possessing a y-hydrogen atom in their carboxylic acid portion or a 
B-hydrogen atom in their alcohol portion undergo Norrish type II cleavage 
also. 

о 


ll ] 
ROCCH,CH,CH, >> ROCCH, + CH,=CH, 


О 
I hv l “a 
RCOCH,CH, “> RCOH + CH,—CH, 


PROBLEM Gas phase irradiation of 2-pentanone produces acetone and ethylene in 
27-7 about 90% yield along with 10% of 1-methylcyclobutanol. Account for 
the formation of those three photochemical products. 


PROBLEM Suggest a mechanism for the photochemical cleavage of: 
27-8 a Methyl butyrate 


b Ethyl acetate 


We have previously seen that photolysis of relatively weak bonds of 
peroxides, azo compounds, and organohalogens is a method for producing 
free radicals that initiate chain reactions (Sec. 24-2A). A rather interesting and 
synthetically important reaction takes place when diazomethane is irradiated. 
Cleavage of the carbon-nitrogen bond produces methylene, the simplest car- 
bene (Sec. 5-1E). 


[CH, NEN: —> CH,-N-N №, ICH, + №, 
Diazomethane Methylene 

In Chap. 15 we learned that carbenes add to multiple bonds to produce 
cyclopropanes (Sec. 15-3F). When methylene is produced photochemically, 
the stereochemistry of addition depends on the reaction conditions. Photoly- 
sis of diazomethane in the presence of Z-2-butene produces cis-1,2-dimethyl- 
cyclopropane, the product of stereospecific syn addition. When an inert gas 
or liquid is added to the reaction, stereoselectivity decreases. Both the cis and 
trans cyclopropanes are obtained. 


CH, CH, 


rdi 
Hy H 


Cis 


Gib VE CaN 
Тен gas ве + HÅ Сн, 
or liquid A 


PROBLEM 
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The differing stereochemical courses for the reactions are attributed to 
the two electronic spin states of methylene. This reactive intermediate can 
exist in either a singlet or triplet state. Singlet methylene, with its nonbonding 
electron spins paired, is usually formed first in the photolysis reaction and 
adds to the double bond in a concerted or near-concerted process. 


HL EN we АР 


: CH}! + — cis-1,2-Dimethylcyclopropane 
СН. 4 “сн 
3 з CH, 

The triplet state of methylene has the lower energy of the two electron 
configurations. Deactivation of singlet to triplet methylene takes place on 
collision with other molecules in the reaction medium. Because the electrons 
of the triplet are not spin-paired, addition to the double bond is stepwise. The 
initial adduct—a triplet—has a sufficient lifetime to allow rotation about the 
central carbon-carbon bond before relaxation to the singlet and subsequent 
bond formation. 


Collisional be 
В *1 »1- *3 
с deactivation 1 < 


EN n 
cuj “оң, 
сн, н сн „н, 
< — сс ГТ 
1-сн; CH; 1 CH, H 
[sein inversion 
с—с1 == Gr 
v 7 AA, 
pecu ARCH VCH, H 


[Rvs closure 


Predict the major product(s) in each of the following photochemical 
reactions: 


h 
а (p-CH,C,H,),cC=O z 


— 
(CH,),CHOH 


[o 
| 5 
b (CH), C C(CH), m, 


—————9À 
(Gas phase) 
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| 
d C,H,CCH,CH,CH, "5 


hy 
(Gas phase) 


о 
7 
неа 
и 


Photolysis has been used to generate very reactive intermediates under 
conditions in which those intermediates can be isolated. Both benzyne 
(Sec. 18-3B) and 1,3-cyclobutadiene have been prepared at 77 К (—196°С) by 
reactions involving photochemical elimination of CO>. At that low tempera- 
ture the compounds are sufficiently stable thermally to allow spectral and 


related studies. 
о 
O hw 
| FE | + 2cO, 
Benzyne 


fe) 
hv 
E [| + CO, 


1,3-Cyclobutadiene 


C. Cycloaddition 


Photochemical cycloaddition of alkenes to form four-membered rings 
has been used in many synthesis sequences. For example, a key step in one of 
the syntheses of grandisol, a sex-attractant pheromone (Sec. 23-5) emitted by 


male boll weevils, was the acetophenone-sensitized formation of the requisite 
cyclobutane. 


CH. CH 
NON FX 3 L^. он 
hv n Many steps 
eL РВ / Y “C,H;COCH, "m ИШ 
[| 
о x CH, 


Grandisol 


PROBLEM Suggest a synthesis sequence for conversion of the cyclobutane deriva- 
27-10 tive above to grandisol. 
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Many interesting compounds have been prepared by this type of photo- 
chemical reaction. Some of the reactions require a photosensitizer; others do 
not. Even heterocycles can be generated when one of the multiple bonds 
includes a heteroatom. 


[9] [9] 
| hy 
| d Q (C6H3), CO 
о о 
[9] 
hy 
2 CH,Cl, + 
о 


У pA (СН) о (СН), —O 
(СН) C=O + Т, + 


Such [2 + 2] cycloadditions are common photochemical processes, but 
they do not normally take place with thermal activation. Similarly, the impor- 
tant [4 + 2] thermal Diels-Alder cycloadditions (Sec. 16-3) usually do not 
Occur on irradiation. In fact, it was the recognition of these types of contrast- 
ing reaction patterns which stimulated much of the development of the theo- 
ries of pericyclic processes. 


о 


м о 

OY 

рый sini 

e P ед Que. a 2 
о о о о 


A rather interesting cycloaddition reaction takes place on irradiation of 
certain dienes and polyenes in the presence of oxygen and a triplet sensitizer 
such as the dye methylene blue. Molecular oxygen, normally in a triplet 
ground state (Chap. 24), is promoted to an excited state, known as singlet 
oxygen, in which all electrons are paired. Singlet oxygen functions as a dieno- 
phile and adds to the diene to form an endoperoxide by a typical Diels-Alder 


reaction. 
hy О 
Ап endoperoxide 
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D. Isomerization and Rearrangement 


Geometrical isomerization is a typical photoreaction of many olefinic 
compounds. The reaction is promoted by direct irradiation of the substrate as 
well as by photosensitized energy transfer. In some simple alkenes the E 
isomer absorbs energy more effectively (it has a larger molar absorptivity e; 
Appendix) and at a slightly different wavelength than does the Z isomer. It is 
therefore sometimes possible to at least partially convert an E isomer to its 
thermodynamically less stable Z form—a technique known as optical pump- 


ing. 


HOC. JH P НОС, „сон 
AEN SS "e сас. 

н COH H H 
E-Butenedioic acid Z-Butenedioic acid 
(Fumaric acid) (Maleic acid) 
CH; СН», ея: 

EN 4 
“мек! SE N=N 
CoH; 
E-Azobenzene Z-Azobenzene 


Many photoisomerization reactions of alkenes are carried out in the 
presence of a triplet photosensitizer. The excited photosensitizer excites the 
substrate isomers to a common triplet state which then decays at different 
rates to the E and Z isomers. The product mixture depends on the relative 
substrate and sensitizer triplet energies as well as the nature of the particular 
alkene. 

Molecular rearrangements (Chap. 26) also can be photochemically pro- 
moted. In one example, phenolic esters rearrange on irradiation to give ortho 
and para acyl phenols, a sequence known as the photo-Fries rearrangement. 
The reaction is a photoinduced free-radical process. 


о о 
Ж 2 

cH Jak — 
` o 


OUS 
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о_9 о он 9 OH 
CCH, CCH, 
+ = + 
(CH; ссн, 
Ó Ó 


An interesting photorearrangement occurs when 2,5-cyclohexadienones 
are irradiated. 


C, Hs 
HC; ~CsH; C,H; 
4,4-Diphenyl-2,5-cyclohexadienone 6,6-Diphenylbicyclo[3.1.0]-3-hexen-2-one 


The transformation has been extensively investigated, and a rather complex 
mechanistic sequence has been proposed. In this mechanism an и —> т^ tran- 
sition produces an excited carbonyl singlet, which then undergoes intersys- 
tem crossing to a triplet state. Bond reorganization leads to another triplet 
state molecule, which possesses a three-membered ring, though not the same 
one that is part of the final product. At this point in the sequence relaxation to 
a singlet state occurs and produces a ground-state zwitterion. The final prod- 
uct results from ionic rearrangement of the zwitterion. 


луч ‚О:* 0:3 
Intersystem 
iw Ве... ЗА PLAN Rearrangement 
Сен, Сну CoH сн; CH, Сну CoH 
:О:*3 СО:- О 
Ù Relaxation rh Rearrangement TE 
CH. 
сен; C Hs сн СН, rw 


A biologically important electrocyclic (Sec. 26-3B) photorearrangement 
occurs when the steroid ergosterol is irradiated. The conjugated diene ring B 
opens to produce previtamin D, which then thermally isomerizes to vitamin 
Р» (calciferol). The irradiation of milk and other foods containing ergosterol 
has been an important method for enhancing their vitamin D content. 
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— 
phis ede 


Ergosterol Previtamin D 


HO 


Vitamin D, 


Interestingly, the epimer of ergosterol, which differs in configuration at 
the number nine carbon atom, does not undergo the same photoinitiated ring 
opening. This result can be accounted for by noting that the ergosterol ring 
opens in a conrotatory pericyclic process (Sec. 26-3B), whereas the epimer is 
sterically inhibited from following such a pathway. 


E. Orbital Symmetry and Photochemical Processes 


Application of the rules of orbital symmetry (Secs. 16-3 and 26-3) to 
photochemical processes is more tenuous than their use in thermal reactions 
because the exact electronic states of the excited molecules are not always 
clear. However, when such an approach can be used with reasonable cer- 
tainty, it provides a rather interesting example of the versatility of the meth- 
ods. 

The difference between the application of the orbital symmetry methods 
to photochemical reactions and their application to thermal reactions follows 
from one fact: that photochemical reactions proceed from an electronically 
excited state of at least one of the reactants. Thus correlations involving anti- 
bonding molecular orbitals represent "allowed" processes. 

Let us consider the HOMO-LUMO analysis for the ergosterol 
electrocyclic ring opening (Sec. 27-2D). The hexatriene portion of previtamin 
D is a six-electron system. It must correlate with the cyclohexadiene ring of 
ergosterol. If we assume that photoexcitation places one electron in the lowest 
antibonding orbital, the y4 (Fig. 16-2) is the HOMO on which the analysis is 


PROBLEM 


27-11 
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carried out. The result is that symmetry-allowed orbital interaction takes place 
when ring opening or closing proceeds in a conrotatory manner. 


Correlation diagram analysis (Sec. 16-3C) can also be applied to photoac- 
tivated reactions. In this approach, energetically favorable (allowed) proc- 
esses show correlation between bonding and antibonding molecular orbitals 
of reactants and products. Such an analysis of a photochemical butadiene- 
cyclobutene interconversion is found to predict a disrotatory pathway 
(Fig. 26-6B). 

In order to apply the Mébius-Hiickel method (Sec. 26-3C) to photochem- 
ical reactions, the rules developed for thermal reactions (Table 26-2) must be 
reversed. A Hückel system (0,2,4, . . . phase changes) is photochemically 
allowed if 4n electrons are involved, whereas a Mobius system (1,3,5,... 
phase changes) is photochemically allowed when 4n + 2 electrons are in- 


volved. 


Use the Móbius-Hückel and correlation diagram approaches: 


a To predict the course of photochemical conversion of 1,3,5- 


hexatriene to 1,3-cyclohexadiene 


b To account for the disrotatory ring closure in the photochemical reac- 
tion of E,E,-2,4-hexadiene. 


‚ Chemiluminescence and Bioluminescence 


Chemiluminescence is the process in which the promotion of molecules 
to an excited state by the excess energy of a nonphotochemical reaction leads 
to the emission of visible light. The species excited initially may emit light 
itself on relaxation to the ground state or transfer its energy to another mole- 
cule which then emits. Many chemiluminescent reactions derive their energy 
from the formation of high-energy cyclic peroxides. 
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A colorful example of this light emission process can be carried out by 
mixing the aromatic dye perylene with oxalyl chloride and hydrogen peroxide 
in a hydrocarbon solvent. The blue light which is emitted is often referred to 
as “cold light.” 

The reaction sequence involves initial formation of a diacyl peroxide. 


6 n T o 
tas Г] 
CI Cl + HO; —> т 
о2о 

Oxalyl chloride 1,2-Dioxacyclobutanedione 


The perylene then transfers an electron to that unstable peroxide. The prod- 
ucts of this electron transfer process are a radical anion and a radical cation. 


9.9 @ р e ( 
EHI | ICI T 
өф Г. 


Perylene 
The perylene also appears to function as a catalyst for decomposition of the 
diacyl peroxide radical anion. Loss of one molecule of carbon dioxide leaves 
an excited CO) species possessing an extra electron. 


The process responsible for forming the excited perylene molecule which will 
ultimately emit light is believed to be the charge annihilation which takes 
place when the perylene radical cation and excited carbon dioxide radical 
anion combine. Excited perylene, on relaxation to the ground state, emits the 


light. 
$ 1 
(COI О — 
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596. 


Other chemiluminescent reactions emit light as the result of the forma- 
tion of a small, excited molecule. Endoperoxides, for example, thermally de- 
compose to give singlet oxygen (Sec. 27-2C). Light is emitted from aggregates 
of the excited-state oxygen or as a result of transfer of energy to other mole- 
cules in the system which then emit. 


6 H; СН 
А 
CH; cH, 


Chemiluminescence that takes place in some living organisms is gener- 
ally known as bioluminescence. The light emitted by a firefly is the result of 
emission by an excited product derived from luciferin. Certain marine algae 
and certain fish that inhabit deep ocean water also emit light by chemilumi- 
nescence. 


H 
N №. О.Н 
for 
N 
HO 5 H 


Firefly luciferin Sea pansy luciferin 


The bioluminescence of firefly luciferin is the most efficient 
chemiluminescent system known. The enzyme luciferase catalyzes oxidation 
of luciferin to a peroxylactone intermediate. Loss of CO; from that intermedi- 
ate produces the excited product which is the source of light emission. 


N М oN 
Firefly — O,/ATP/Mg* ey Ae 
luciferin Luciferase S 
HO Ó 
м NP 
MC | +. 
HO 5 


1042 


Photochemistry and Electrochemistry 


27-3 Principles of Electrochemistry 


Electrochemistry has, until very recently, remained principally the do- 
main of physical and analytical chemists. That is rather curious, since chem- 
ists of the nineteenth and early twentieth centuries studied and even utilized 
organic electrochemistry in small-scale industrial preparations. The 
electrooxidation of carboxylic acid salts first explored by Kolbe in 1849 is prob- 
ably known to every organic chemist. 

Today, the electrochemistry of organic compounds is receiving consider- 
able attention from both the theoretical and the practical viewpoints. Ad- 
vances in instrumentation and cell design have contributed to the renewed 
interest. Of equal importance, however, is the realization by organic chemists 
that electrochemistry provides a practical alternative for carrying out synthe- 
ses and exploring the nature of organic compounds. 


. Electrical Potential 


Electrical potential is somewhat analogous to the wavelength of light in 
photochemistry, since both govern the energy to which a substrate is sub- 
jected. The energy available for an electrochemical process is measured by the 
electrode potential E and voltage V. Voltage characteristic of a particular 
chemical process is actually a potential difference measured relative to some 
standard. The standard is the potential of the normal hydrogen electrode 
(МНЕ), the electrochemical half-reaction in which a proton is reduced to mo- 
lecular hydrogen under a standard set of conditions. 


Ире =н; ESSO V. 


The normal hydrogen electrode is experimentally inconvenient to use as 
a primary reference. A secondary reference potential—that of the saturated 
calomel electrode (SCE)—is often employed in laboratory research. This elec- 
trode consists of a mercurous chloride paste in contact with mercury and 
saturated aqueous potassium chloride, The potential of a standard calomel 
electrode relative to the normal hydrogen electrode is +0.241 V. Most compi- 
lations of electrode potentials are related to standard calomel rather than the 
normal hydrogen electrode. 

The Nernst equation, familiar to most chemists in its applications to the 
potentials of metals in the electromotive series, predicts the potential at which 
electrochemical reactions will occur reversibly. The condition is usually not 
applicable to the essentially irreversible processes of organic electrochemistry. 

The electrochemical behavior of a species can be determined by voltam- 
metry, a process whereby the relation between electrical potential and current 
flow is determined. Polarography is a type of voltammetry commonly used 
for such analysis. Cyclic voltammetry is a more-sophisticated polarographic 
technique often used to investigate electrochemical reaction mechanisms. A 
typical voltammogram is depicted in Fig. 27-4. The graph of current i versus 
potential E represents the electrochemical reduction of the triple bond in 
methyl p-chlorophenylpropynoate. 


FIGURE 27-4 
Voltammogram 
for the polaro- 
graphic reduc- 
tion of methyl 
p-chlorophenyl- 
propynoate. 
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e-/—120V 
[H+] 


CIC,H,CH—CHCO,CH, CA 


CIC,H,CH,CH,CO,CH, 


CIC,H,C=CCO,CH, 


Current, i 


-10 —15 —2.0 E, volts 
Potential 


Two electrochemical steps are indicated by the voltammogram. The first 
takes place at a potential of —1.20 V and the second at —1.6 V. The potentials 
represent voltage on the voltammogram curve halfway between the current 
plateaus, and so are known as half-wave potentials. 

Reaction carried out at negative potentials near —1.4 V will accomplish 
formation of only the first intermediate. A voltage more negative than —1.7 V 
is required for complete reduction. Knowledge of the electrical characteristics 
of a compound makes rather specific control of the electrochemical reaction 
possible. The development of modern potentiostats capable of maintaining 
such carefully controlled voltages has been an important advance in making 
possible the practical utilization of electrochemical procedures. 

A large number of oxidation and reduction potentials of organic com- 
pounds are known. The values will govern the experimental parameters to be 
used when an electrochemical procedure is developed. Some representative 
half-wave potentials for organic compounds are compiled in Table 27-2. 


. Cell Parameters 


Many design variations which adapt electrochemical cells to specific 
applications have been devised. However, the basic cell components are quite 
standard. Two electrodes connected to a voltage source are immersed in some 
type of electrically conducting medium—the electrolyte—in which the sub- 
strate is dissolved. 

One electrode—the cathode—is linked to the negative pole of the power 
supply. Positive ions migrate to the cathode and are reduced. The other elec- 
trode —the anode—is attached to the positive side of the power supply and is 


the electrode at which oxidation occurs. 
Electrodes can be fabricated from almost any kind of conducting 
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TABLE 27-2 Typical Oxidation and Reduction Half-Wave Potentials 


Group Ey У 
Compound Reduced or Oxidized (rel. SCE) Medium 

Reduction 

CsHsCOCH2Br —Br —0.16 EtOH-H;O 
CH3COCH?Br —Вг —0.34 но 

о Уо c= —0.40 DMSO 

CCl, —Cl —0.78 Dioxane-H;O 
CsHsCH=CHCOCH3 C= zi EtOH-H;O 
CsHsCH2Br —Вг ‚127 ОМЕ 
CH;—CHCH5Br —Br —1.29 Dioxane-H;O 
(C6H5)2C=O C= 151i EtOH-H;O 
CH,=CHCOCH; c= —1.42 H;O 
CsHsCOCH3 C= —1.49 EtOH-H;O 
СНУ —I —1.62 Dioxane-H;O 
CHCl, —а —1.67 Dioxane-H;O 
Mind Ring —1.94 Dioxane-H;O 
CsHsC=CC,Hs С=С —2.19 Dioxane-H;O 
CéHsCH=CHC,Hs С=С —2.20 Dioxane-H;O 
CH3CH;CH;CH?Br —Br -2.23 Dioxane-H;O 
CH3COCH3 c= —2.46 Dioxane-H;O 
pore] Ring —2.47 Dioxane-H;O 
Oxidation 

CsHsNH, Ring 0.85 Acetonitrile 
CcsHsOH Ring 1.35 Acetonitrile 
Ring 1.72 HOAc 
C&H35CHs Ring 2.29 Acetonitrile 
С) Ring 2.31 Acetonitrile 
CoH Ring 2.39 Acetonitrile 
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substance that does not itself react under the conditions of the particular 
electrochemical process. Mercury is probably the most common cathode 
material. Platinum makes an excellent anode. Graphite and other forms of 
high-purity carbon have been used extensively as electrode materials. Many 
industrial electrochemical processes employ carbon and lead or lead dioxide 
electrodes. A very active area of research is oriented to developing electrode 
surfaces for rather specific applications. 

The electrode at which the reaction of interest is taking place is often 
referred to as the working electrode. In the case of a reduction process it is the 
cathode; the anode is the working electrode in an oxidation process. It is 
important to remember that, though we may be interested in only one of the 
two, both processes must take place within the total electrochemical system. 

The practical utilization of electrochemistry involves, at least initially, 
either oxidation or reduction. In order to restrict migration of the reacting 
species from one electrode to the other, the cell is usually divided. Various 
dividers are used in electrochemical cells. The most common are fritted glass 
filters and permeable membranes. A cell divider must allow current flow but 
inhibit mixing of the reactants in the anode and cathode sections. 

Choice of the solvent medium in which the electrochemistry is carried 
out is most important. The primary criterion is that the reaction medium be a 
good electrical conductor. One restraint in the development of organic elec- 
trochemistry has been the limited availability of suitable solvents. Water, the 
most common medium for inorganic systems, is usually not a useful solvent 
for most organic compounds. Furthermore, water may be electrolyzed under 
the conditions of some electrochemical reactions or may react chemically with 
the reaction intermediates. 

Low-molecular-weight alcohols are good organic solvents and form con- 
ducting solutions with added salts. The polar-aprotic solvents acetonitrile and 
dimethylformamide have proved to be excellent cell media. Usually a sup- 
porting electrolyte such as tetramethylammonium chloride is added to the 
solvent in order to increase electrical conductivity. The solvent may also be a 
reactant; for example, it may be a source of protons or hydrogen atoms. 

The final criterion of cell design is that the total variables—electrode 
material and size, solvent, supporting electrolyte, cell divider—allow current 
flow sufficient to accomplish a practical degree of electroconversion in a rea- 
sonable time when operated at the required potential. The quantity of electric 
current, measured in coulombs (Q), which passes through the cell determines 
the amount of electrochemical reaction that can take place. A faraday (96,500 
coulombs) is the amount of current required to transform 1 mol of substance 
in a one-electron process. Current efficiency is a measure of how effectively 
the current flow accomplishes an electrochemical conversion. It is the ratio, 
expressed as a percent, of the moles of product formed (M) times the number 
of electrons required per molecule (n) to the number of faradays consumed. 


: nM 
Current efficiency, % = 100 x 096.500 
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27-4 Electrochemical Reactions 


Synthesis of chemical compounds is an ultimate application of new tech- 
niques and knowledge. Organic electrochemistry is no exception, and interest 
in electroorganic synthesis is rapidly expanding. A few industrial processes 
are now in use, and many more are in pilot plant and developmental stages. 
Electrochemistry is slowly taking its place as one of many approaches to large- 
and small-scale organic synthesis. 

The major disadvantages of electrochemical synthesis, particularly on an 
industrial scale, are associated with cell design, problems in attaining high 
current efficiency, and side reactions originating from reactive intermediates. 
On the other hand, precise control of electrode potential, with resulting high 
reaction selectivity, is an overall advantage of the method. Another important 
characteristic of electrochemistry is that thermal energy is not required to 
overcome activation barriers for reaction. In fact, undesirable thermal proc- 
esses can often be eliminated with little effect on the electrochemical pathway 
by lowering the reaction temperature. Finally, electrocatalysis of some reac- 
tions may be an alternative to the use of certain expensive chemical catalysts. 

Since electrode processes involve the transfer of electrons, it is not sur- 
prising to find that many of the electrochemical reactions resemble free-radi- 
cal processes. However, further removal of electrons (oxidation) can produce 
carbocations while the addition of electrons (reduction) may generate car- 
banions. Thus it should not be surprising to find that electrochemical reac- 
tions can involve any of the three major types of reaction intermediate. 


. Electroreduction 


Electroreduction of carbon-halogen single bonds follows an order 
which reflects bond strength. Reactivity generally is R—I > R—Br > R—CI, 
and benzylic and allylic compounds are more easily reduced than their ali- 
phatic analogs (Table 27-3). A more negative (more cathodic) reduction poten- 
tial indicates a higher-energy reduction process. 


TABLE 27-3 Reduction Potentials of Some 


Organohalogens 

Compound Ein Solvent 
CH3—I SLEI 75% dioxane 
CH3—Br —2.01 75% dioxane 
CH;—Cl 5223 75% dioxane 
CH3CH;—Br =298 DMF 
CH;—CHCH;—Br 771.29 DMF 
CsHsCH,—Br 22 DMF 


BrCH;—Br —1.48 75% dioxane 
SSS HMM 
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Reduction of haloalkanes to hydrocarbons is believed to proceed by two 
one-electron transfers. The first produces a free radical as halide departs. 
Addition of a second electron leads to the carbanion, which is protonated to 
give the final product. For most simple aliphatic compounds the second step— 
reduction of the free radical—occurs at a less negative (more anodic) poten- 
tial. Detection of the intermediate radical may therefore not be possible. 
When the intermediate is stabilized, other free-radical processes, including 
dimerization, may take place. 


(tes Li D Aus + Bro 
M. e (rie = (n) 
же —э DOM 


Br—(CH;),—Br + 4e + 2H* —> CH,(CH,),CH3 + 2Br- 


wort У-ења 4 2e- —> №; 4 \ CH,CH; 4 \ NO, + 2Cl- 


Reduction of bromoethane on a lead electrode produces tetraethyllead. 
This industrially important product is prepared on a commercial scale by the 
analogous oxidation of ethylmagnesium chloride. 


4C,H,Br < 
7^» (C H;);Pb 
4 C,H,MgCI = 


Stereoselectivity in the reduction of carbon-halogen bonds appears to 
be very low. Electroreduction of optically active 1-bromo-1-deuterio-1- 
phenylethane, for example, produces 1-deuterio-1-phenylethane with very 
little retention or inversion of configuration depending upon the solvent. 
These results are similar to those observed when a phenylalkyl carbanion is 
formed by ionic pathways, and they suggest that a carbanion is involved in 
the electrochemical sequence also. 


Е eem 
снн» +22 ——> Сен:ССНз => снн, 

р р D 
1-Bromo-1-deuterio-1- 1-Deuterio-1- 
phenylethane phenylethane 


Some rather interesting strained compounds have been prepared by the 
electroreduction of dihalogen compounds. Evidence indicates that one 
carbon-halogen bond is reduced to a carbanion, then intramolecular Sy2 dis- 
placement of the second halide produces the product. 


1048 Photochemistry and Electrochemistry 


PROBLEM 
27-12 


CH; CH; 
Br a Br к: 
+22 V + Br — 
Br > 
CH; CH; 
1,3-Dibromo-1,3-dimethylcyclobutane 
CH; 
Eo 


1,3-Dimethylbicyclo[1.1.0]butane 


Br 
+ 2c —> 4 2Br- 
Br 


1,5-Dibromobicyclo[3.2.1]octane Tricyclo[3.2.1.0'5]octane 


Account for the product formed in each of the following electrochemi- 
cal reactions. 


CI 
a Cl 
a + 2е- — + 2CI- 
CI 
cl CI 


b C,H;C(CH,),CH,Cl + 2e- 191, C,H,CH,CH(CH,), 


1 СІ р 
ef. Df pf 
D D 


d GH,CH,Br + 2e- СНУ, C сн,сон + C,H,CH, 


A rather impressive example of electroorganic synthesis is the prepara- 
tion of A'"bicyclo[2.2.0]hexene.* Reduction of 1-bromo-4-chloro-bicy- 
clo[2.2.0]hexane was accomplished at —2.50 V to produce the strained hydro- 
carbon. Though stable only at low temperatures, the product has been charac- 
terized by spectral analysis. 


* The symbol A in this name indicates that there is a double bond connecting the atoms desig- 
nated by the superscript numbers that follow. 


PROBLEM 
27-13 
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е-/=2.5 У 
DMF 
а 


1-Bromo-4-chlorobicyclo[2.2.0]hexane A4. Bicyclo[2.2.0]hexene 


Predict the *H-NMR spectrum for A’*-bicyclo[2.2.0]hexane. 


Aldehydes and ketones are reduced to alcohols or the dimeric pinacols. 
Products are quite dependent on reaction conditions and electrode materials. 
Acetone, for example, produces a mixture of 2-propanol and pinacol when a 
lead cathode is employed, whereas use of a mercury cathode gives only the 
2-propanol. 


OH OH 


| 
Р» (CHj,CHOH + (CH, C— C(CH3) 


H+ 
(cH),c=0 + ,- E 


(CH,),CHOH 


Reduction of benzophenone illustrates the influence of electrode poten- 
tial and medium pH on the direction of the reaction. In an acidic medium, a 
one-electron reduction and protonation produce a free-radical intermediate. 
A second one-electron reduction leads to a carbanion which, on protonation, 
gives diphenylmethanol (benzhydrol). 


(CgH;)C=O + H* += —> (GHC OH “> 


(C,H;),C-OH -Н* (C,H,),CHOH 
Diphenylmethanol 
(Benzhydrol) 


When reduction potential is carefully controlled so that only the first electron 
transfer occurs, the free radical is sufficiently long-lived to dimerize with a 
second radical. Benzpinacol is the only product obtained. 


OH OH 
2(C,H),C—OH — (CH), C— CCH): 


Benzpinacol 


Electroreduction of nitro compounds leads to a variety of products. Of 
particular interest is the formation of anilines from nitroaromatics. The selec- 
tivity of electrochemical processes often allows reduction of nitro in the pres- 


ence of another potentially reducible group. 
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PROBLEM 
27-14 


PROBLEM 


27-15 


CH, CH; 
joi. M 


CO,CH,CH,CI CO,CH,CH,CI 


ay 
NO, NH, 


Reaction of nitrobenzene at controlled potential produces a spectroscop- 
ically detectable intermediate radical anion. Addition of a second electron 
forms the corresponding dianion, which, in a rapid series of chemical and 
electrochemical steps, gives N-phenylhydroxylamine. The second sequence is 
so rapid that a voltammogram shows a one-electron wave followed by a 
three-electron wave. 


CHNO, + e7 —> C,H,NO; 


CgH;NO; + e- —> C,H,NO, :2- 


CH,N—O 2, — C,H,NHOH 
N-Phenylhydroxylamine 


In a protic solvent the electroreduction of nitrobenzene to N-phenyl- 


hydroxylamine involves a series of four one-electron transfers with in- 
terspersed chemical steps. Propose a sequence for the process. 


In a weakly acidic solution N-phenylhydroxylamine can be reduced fur- 
ther to give aniline. If, however, reaction is carried out in strong acid or at 
elevated temperatures, rearrangement occurs to produce p-aminophenol. 
This latter sequence is the basis for an industrial process. 

he 
2H* 


H* + 
C,H;NHÓH, — HO NH, 


p-Aminophenol 


C;H;NH, + H,O 
C,H, NHOH 


When cyclohexanone is electroreduced in anhydrous methylamine me- 
dium containing lithium chloride, the major product is N-methylcy- 


clohexylamine with only about 10% cyclohexanol. Account for forma- 
tion of the amine product. 
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в. Electroreduction of Conjugated Compounds 


Electroreduction of a double bond in conjugation with another func- 
tional group usually produces a dimer in which the double bond has been 
reduced. This type of hydrodimerization of acrylonitrile (propenenitrile) has 
been developed into an important industrial process for preparing adiponi- 
trile (1,4-hexanedinitrile), a key precursor for the adipic acid and hexamethyl- 
ene diamine required in the synthesis of nylon-66 (Sec. 25-3C). 


2CH,—CHCN 42°, NCCH,CH,CH,CH,CN 


Acrylonitrile Adiponitrile 
The acrylonitrile reaction has been extensively studied and is believed to 
involve addition of the radical anion intermediate to a second molecule of 
alkene. Further reduction and protonation by water gives the dimeric prod- 
uct. 


CH,—CHCN + e- —> :CH,—CHCN 
CH,—CHCN + :CH,—CHCN —> NCCHCH,CH,CHCN > 


NCCHCH,CH,CHCN > NCCH,CH,CH,CH,CN 


Yields for this reaction depend on a careful balance between the interac- 
tion of two acrylonitrile molecules with each other and their interaction with 
water. The use of concentrated aqueous salt solutions (hydrotropes) as reac- 
tion media has been particularly successful. Concentrated salt solutions are 
relatively good solvents for organic molecules. They allow alkene concentra- 
tion sufficiently high that the radical anion adds to an alkene rather than 
being further reduced to the saturated hydrocarbon. The highly structured 
nature of the solvent restricts the availability of water molecules, and protona- 
tion does not occur until the dimeric dianion is formed. 

The dimerization step resembles a Michael addition (Sec. 16-2). It is thus 
not surprising to find that double bonds in conjugation with electron-with- 
drawing groups (i.e., good Michael acceptors) undergo hydrodimerization. 
The capability for forming mixed dimers has extended the synthetic utility of 
the reaction. Good yields are obtained when the alkene that is more difficult 
to reduce (the one with the more negative reduction potential) is the better 


Michael acceptor. 


| = ] | 
эєн,=сн©сн, STB", CH,CCH,CH;CH,CH,CCH, 
CH=CHCO,Et ‚_ CH;CO,Et 
сг. poit, opie 
CH=CHCO,Et NSS et 


] =/н+ | 
(CH,),C=CHCCH, + CH,=CHCN 278", (CH), CCH,CCHs 
CH,CH,CN 


1052 Photochemistry and Electrochemistry 


PROBLEM 


27-16 


PROBLEM 
27-17 


Electroreduction of 4-methyl-3-penten-2-one (mesityl oxide) in aqueous 
acid produces a mixture of A and B. Propose a pathway for the reaction. 


[0] НО О 
nul. L e-/H* 
XCHj,C—CHCCH, 2", + 
Mesityl oxide 
A B 


Aromatic compounds provide many possibilities for electrochemical 
reduction. Naphthalene and anthracene, for example, give their dihydro de- 
rivatives when reduced in protic media. Loss of aromatic stability is minimal, 
since one (or two) isolated aromatic rings remain. The voltammograms of 
these processes show 1 two-electron wave, which indicates that addition of 
the second electron is easier (occurs at a less negative potential) than the first. 


n НН 
9907 C00) "600 
Anthracene H H 
н н Н.Н 
: 
— 
a HOH 


9,10-Dihydroanthracene 


a Suggest a sequence for the electroreduction of naphthalene to 1,4- 
dihydronaphthalene in acidic media. 


b When that same reduction is carried out in aprotic media, the voltam- 
mogram shows two one-electron waves. Contrast this to the single 
two-electron wave observed in acidic media. 


, Benzene is quite difficult to reduce directly, though we have seen that 
dissolving metal reductions (Sec. 24-3E) can lead to dihydro and tetrahydro- 
benzenes. An analogous electrochemical reduction is accomplished by using 
amine solvents with lithium chloride as the supporting electrolyte. When 
current is passed through the cell, a deep blue color, which has been attrib- 
uted to solvated electrons, develops. The nonconjugated dihydro product 
forms initially. The material can be isolated if isomerization to the conjugated 


PROBLEM 
27-18 
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diene is prevented. When isomerization does take place, the resultant diene is 
further reduced to the tetrahydro product. Variations in cell design can be 
used to direct the reaction toward either product. 


oH С.Н; 
PTT ш, 
LiCI/CH,NH, 
GH; 
pel 


сн CH5 


CH,NHLi* 3 
LiCl/CH,NH, 


Benzene substituted with electron-withdrawing groups can be electrochemi- 
cally reduced, as can heterocyclic aromatics. 


COH COH 
iia ^ Ox 
O,H COH 


Phthalic acid Cyclohexene-2,3-dicarboxylic acid 
~N CONE _ CONH, 
| Ри 
+f H 
we | 
CH; CH, 


N-Methylnicotinamide N-Methyldihydronicotinamide 


chloride 


One industrial method for preparing piperidine is by the electroreduction of 


pyridine. 
QrQ 
ue 
м N 
H 


Pyridine Piperidine 


of electrochemical reduction in each of the 


Predict the major product 
following cases: 
e 


a CH,CH—CHCO,E = 5” 


e- 


———— 
b C,H,CH(CHy, CH,NH,/LiCI/CH,NHLi* 
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: 
c 


d *EtO,CCH—CHCO,Et + CH,—CHCN 


—14V 
H,O 


C. Electrooxidation 


The Kolbe oxidation of carboxylic acid salts is probably the oldest and 
most extensively investigated electroorganic reaction. It is usually carried out 
using methanol or DMF as solvent and a platinum anode. Acyloxyl free radi- 
cals are formed by removal of one electron from the carboxylate anion. Loss of 
carbon dioxide leads to alkyl radicals, which then dimerize. 


CH,CH,CH,CO; = CH,CH,CH,CO,: —€9:, CH,CH,CH,: 


2CH,CH,CH, : —> CH,(CH,),CH, 


2NCC(CHj,CH,CH,CO; —*— NCC(CH,)yCH,CH,CH,CH,C(CH;)sCN + 2CO, 


о 
1 LA] | | 
2C,H,C(CH,),COz — сн, CH) CH, 4 2CO, 


The Kolbe reaction is most often used for the formation of symmetrical 
dimers. Crossed Kolbe reactions involving two different carboxylate salts can 
be synthetically useful in some cases. For example, replacement of a carboxyl- 
ate group by methyl is effectively accomplished by the electrooxidation of the 
carboxylate salt in the presence of sodium acetate. A large excess of inexpen- 
sive acetate minimizes self-dimerization of the principal reactant. 


CH, CHCH,CO; EDAD 
(СН,); созсо 


(C6H5) CHCH,CH, + symmetrical 
dimers 


CH;(CHjCOg + ~O,CCH,CH(CH,)CH,CO,CH, = 
CH4(CH);CH(CH3)CH,CO,CH, + symmetrical dimers 
Oxidation ofa carboxylate group can also lead to products typical of a 
carbocation intermediate. If the free radical formed on decarboxylation is 


electrooxidized before dimerization occurs, a cation results. Products of sub- 
stitution, elimination, and rearrangement may be obtained. Carbocation for- 


* Only the diethyl maleate forms a radical anion at —1.4 V. 
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mation is favored when an electron-donating group is located adjacent to the 
carbon free-radical center. 


PROBLEM Suggest a mechanism for the formation of cycloheptanone by the fol- 
27-19 lowing electrochemical oxidation: 


OH 


Oxidation of aromatic compounds is a technique that can be useful for 
substitution on the aromatic ring or on the side chain. For example, ethylben- 


zene, in the presence of acetate, leads to both 1-phenylethyl acetate and the 
ethylphenyl acetates on electrooxidation. 


CH,CH; CH,CO,CHCH, HCH; 
IR + 
CH,CO; 


O,CCH; 


The reaction involves removal of one electron from the aromatic ring to pro- 
duce a radical cation followed by nucleophilic aromatic substitution by ace- 


tate. 

CH,CH, CH,CH, CHCH; 

DO 9A 
O,CCH, 


CH,CH, CH,CH, 


p С 
— 
O,CCH, O,CCH, 
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If the nucleophile concentration is low, the radical cation is not trapped, but is 
instead converted to the more favorable benzylic free radical by loss of a 
proton. Oxidation to a benzyl cation then leads to side-chain substitution. 


CH,CH, CHCH, CHCH, CH,CO,CHCH, 


О -H+ -e- CH,COz 
—— —— ——, 


PROBLEM Two additional products (A and B) have been isolated in the anodic 
27-20 reaction of ethylbenzene and acetate. Suggest a scheme for their forma- 


tion. 


CH,CH, 


O,CCH, 
CH,CH, CH,CH, 
CH,CO. 
T 3 2 i 


Electrooxidation of 1,4-dihydroxyaromatics leads to radical cations that 
are stabilized by the oxygen atom. Loss of a proton (a chemical step), further 
oxidation (an electrochemical step), then loss of a second proton (a chemical 
step) provides quinones and their analogs. 


066-6: 


Hydroquinone p-Quinone 


PROBLEM Propose a mechanism for the conversion of hydroquinone dimethyl 
27-21 ether to the diketal of quinone. 


OCH, 


CH,O, OCH, 


—2e- 
SS 
CH,O-/CH,OH 


сн, CH,O^ ~OCH, 


27-5 


27-6 


27-22 
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Summary 


The excitation of molecules required to initiate chemical reactions can be 
accomplished by the methods of photochemistry or electrochemistry. The 
techniques are usually more selective than thermal processes, and they often 
allow activation of one type of compound in the presence of another. 

For photoactivation to take place, a portion of the molecule must be 
capable of absorbing radiant energy, usually from ultraviolet light. Activation 
of such a chromophore is the result of excitation of a bonding or nonbonding 
electron into an antibonding molecular orbital. The rules of quantum mechan- 
ics predict which electronic transitions are favorable. Various radiative and 
nonradiative relaxation processes enable excited molecules to return to 
ground-state configurations. When these processes involve bond making or 
breaking, photochemistry occurs. 

Many chemical reactions resulting from photoactivation resemble free- 
radical processes. Photoreduction of carbonyl groups produces alcohols as 
well as the related pinacol dimers. Many photochemical reactions involve 
intra- and intermolecular hydrogen atom abstraction. Photorearrangements 
proceed in a manner typical of free-radical rearrangements. 

Some photoreactions of conjugated compounds are concerted, pericyclic 
processes. The rules of orbital symmetry can be used to predict the course of 
the transformations. However, the rules are somewhat different than they are 
for thermal reactions because symmetry considerations for photochemistry 
must include antibonding molecular orbitals. 

Electrochemical processes involve the addition or removal of electrons 
from molecules or ions contained in an electrochemical cell. Electron addition 
(reduction) takes place at the cathode, while electron removal (oxidation) oc- 
curs at the anode. The chemist can make use of the fact that different bonds 
are activated at different characteristic potentials to control which molecules 
can initiate reaction. 

The relative rates at which electrode and associated chemical processes 
take place govern the ultimate electrochemical pathway. Transfer of one elec- 
tron at a time can result in reactions which resemble free-radical processes. 
Rapid two-electron transfers usually lead to ionic reactions. 


Supplementary Problems 


Predict the major product(s) expected from each of the following reactions. 


а 2 Seas 
C,H,COCH, 

b2 mL o abd 
C,H,COCH, 
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27-23 


27-24 


27-25 


с EtO,CCH=CHCO,Et + CH,=CHCOCH 


2е-/2н+ 
E Hydrotrope solvent 


[ө] 


hv 
— 


е (CH,CO9), >> 


OCH, 
OCH, 
f 
OCH, 
=e- 
or + NaOCH, (excess) NGOCHCH;OH 
OCH, 
OCH, 


hv 
Го 
d КӨ» a ins Methylene blue 


Norbornene and acetophenone have a triplet excitation energy of ~74 kcal/mol (309 kj/ 
mol) and benzophenone has one of ~69 kcal/mol (288 kJ/mol). Use those data to ex- 
plain the course of the following reactions of norbornene. 


| hy/C,H,COCH, (ag) 
Norbornene hv/(C,H,),CO 
(СНУ), 


When 2-propanone is irradiated in the vapor phase along with iodine vapor, very little 
carbon monoxide or ethane is recovered. Suggest which products are actually formed 
and show a mechanism for the process. 


Discuss the following observations: 

а When 1,3-butadiene is irradiated with visible light (7400 nm), no significant reac- 
tion takes place. 

b When UV light below —250 nm is used, cyclobutene is the major product. 

€ When visible light is used along with benzophenone, reaction takes place to give 
cis-1,2-divinylcyclobutane (16%), trans-1,2-divinylcyclobutane (80%), and 4-vinylcy- 
clohexene (4%). 


ии... 


27-26 


27-27 
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Suggest a mechanism for each of the following reactions. 


D 
D D 
(X = 
D 


CO,CH, 
b + CH,O,CC=CCO,CH, 1> 
CO,CH, 


Носн, 
2 


Б 7 h ; Осн, © 
с (CH3CO + С Eas T 
CHO OCH, (CH). H (CH; $ 
3/2 Я з, HOCHs 


d (С,Н,),СО + CH,=CH—<] = ii mt) 
(СНЫ: 
НО. 
е c 
f 


CH,CHO 


hi 
or —— CH,CH(OH)COCH, + CH,CHO 
CH,CH(OH)COCH, 
+ CH,CH,OH + CH,;COCOCH, 

OH OH 

[ЫЛ С GH 
C,H,COCH,C———CCH,COC,H, —— Се 

B Veris di | 2 9*5 DH HO. OH 5 
CH, CH; C Hs Сн; 


The epimer of ergosterol which differs in configuration at the number nine carbon 
atom (бес. 27-2D) undergoes the pericyclic photorearrangement shown below. Ana- 
lyze the reaction using an orbital symmetry method. ^ 


— 
HO HO 


1060 


Photochemistry and Electrochemistry 


27-28 


27-29 


27-30 


27-31 


When the optically active terpene limonene (A) is irradiated in the presence of oxygen 
and a triplet photosensitizer, optically active B is recovered. Show how the reaction is 
consistent with reaction by singlet oxygen rather than free-radical hydroperoxide for- 
mation by ground-state oxygen. 


H 
i HOO? 
v 
M er Photosens. 
ur Y H® wA 
A B 


What maximum quantum yield is predicted for the formation of bibenzyl or of ben- 
zyldiphenyl carbinol by the photoreduction of benzophenone in toluene (Sec. 27-2A)? 


Irradiation of acetone in the presence of 2-propanol produces pinacol (2,3-dimethyl- 
2,3-butanediol). Initial consideration of the process might lead one to suggest that 
dimerization of initially formed acetone ketyls would provide this product with a 
quantum yield for the disappearance of acetone that tends toward 2. However, that 
maximum quantum yield is only 1. Furthermore, it can be shown that reaction of two 
acetone ketyls actually gives approximately 50% pinacol, 25% acetone, and 25% 
2-propanol under the reaction conditions. Suggest a mechanism consistent with the 
quantum yield of 1 for the disappearance of acetone. 


Suggest a mechanism for each of the following reactions. 


‘ s 
: OCH, bi 
| hv 
a — 


(* indicates labeled atoms) 


b C;H,C(CH;),CH,CI > C;H,CH,CH(CHj), 


22 CHO 
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Supplementary Problems 


Chemists carry out experiments and observations on solids, liquids, and 
gases that can be manipulated and put into flasks or bottles. Discussion then 
centers on the behavior of the unseen, submicroscopic atoms and molecules. 
Implicit in this approach is the belief that behavior observed in the bulk sub- 
stance reflects the characteristics of the constituent molecules. It is important 
not to confuse these two levels— physical observation and deduced molecular 
behavior—although our discussion commonly passes back and forth between 
them. 

We have seen how covalent bonding allows an almost endless variety of 
carbon skeletons to be constructed. It is, in retrospect, impressive that scien- 
tists of the nineteenth and early twentieth centuries were able to put together 
a consistent picture of molecular structure without being able to actually see a 
molecule. Today's scientists have a variety of sophisticated instruments with 
which the components of a molecule can be seen. "Seeing" in this sense is 
not, of course, the same as seeing an object in our normal world, since visible 
light is usually not involved. Radiation of other wavelengths—infrared, ultra- 
violet, microwave, x ray—typically provides the means by which we can look 
at the atoms and bonds of a particular compound. 

These types of instrumental analysis are commonly included under the 
general label of spectroscopy. We will consider only the spectroscopic meth- 
ods most often used by organic chemists: nuclear magnetic resonance (NMR), 
infrared (IR), ultraviolet (UV), and mass spectrometry (MS). (Electron para- 
magnetic resonance (EPR) and x-ray methods are briefly introduced in Sec- 
tions 24-4 and 23-3A.) These important instrumental methods are brought 
together in this appendix because they can be used throughout the organic 
chemistry course to provide information in support of various theoretical con- 
cepts and structural assignments. Spectroscopy is an experimental technique 
that is used and learned in the chemistry laboratory. 

Before a compound is subjected to spectroscopic analysis, it must be 
separated from other materials. Many separations are quite difficult, and their 
success often depends on the ingenuity and experimental dexterity of the 
chemist. Distillation of liquids and crystallization of solids are the most 
widely used methods for purification. Chromatography, the separation of 
compounds by their differential adsorption on some type of liquid or solid 
adsorbent surface, is commonly the technique of choice for difficult separa- 
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tions. The methods of chromatography usually involve flowing the mixture 
through a column of absorbent. Components emerge from the column at 
different times and are collected as separate fractions. Modern chromato- 
graphic equipment enables each step of the separation to be monitored and 
controlled, and even directly coupled to spectroscopic instrumentation. 


Electromagnetic Radiation 


Light, or, more properly, electromagnetic radiation, can be described in 
terms of frequency v or wavelength A. The two parameters are related to each 
other by the velocity of light c in the equation с = Av. Compilation of the 
frequency-wavelength relation leads to the electromagnetic spectrum (Fig. 
А-1). From the expression 


E=hy Sh. 
À 


we see that the energy of radiation increases with increasing frequency and 
decreases with increasing wavelength. 

We have divided the electromagnetic spectrum into regions according to 
its applications for spectroscopy. Visible light is that small portion of the 
electromagnetic spectrum with wavelengths of about 400—800 nm. That is the 
region of radiation to which the human eye responds. When we observe 
different colors, the eye is reacting to different wavelengths of light through 
the rainbow from violet to red. Next to the visible region, at shorter wave- 
lengths, is the higher-energy ultraviolet (UV) radiation. Infrared (IR) radiation 
lies at longer wavelengths and thus lower energy than visible light. We see 
that the radio-frequency region used in NMR and EPR is of much lower en- 
ergy than visible or infrared radiation. At the other extreme in the spectrum 


Xray 
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electron 
excitation 
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are high-energy x rays that can actually provide "a picture" of organic mole- 
cules. 


Nuclear Magnetic Resonance Spectroscopy 


Nuclear magnetic resonance (NMR) spectroscopy is probably the most 
widely used method for structural elucidation available to the organic chem- 
ist. The technique provides information about molecular structure through 
examination of the magnetic properties of specific atoms within molecules. 
Instrumentation with the ability to "look at" hydrogen nuclei (protons) has 
been of particular utility. 

Instrumentation capable of carrying out routine proton-NMR (!H-NMR) 
spectroscopy became available to most chemists in the 1960s. Advances in 
instrument technology in the 1970s made it possible for chemists to "look at" 
the '°C nucleus. Although many other atomic nuclei can be examined by 
NMR, the combination of !H- and C-NMR are uniquely valuable to organic 
chemists. 


. Principles of NMR Spectroscopy 


Nuclear magnetic resonance spectroscopy can be carried out on nuclei 
that possess a magnetic moment. These are typically nuclei with odd- 
numbered masses (ЇН, "В, °C, !5N, '?F, 31р, etc.) as well as those with an 
even mass but an odd atomic number (H, '°B, “М, etc.). Some nuclei may 
not give rise to NMR signals even though they fit into those categories. Fluo- 
rine, for example, is the only halogen atom which can be used effectively in 
routine NMR spectroscopy. 

The sample to be analyzed is placed in a glass tube located between the 
poles of a powerful magnet (Fig. A-2). Radio-frequency (rf) input oscillator 


FIGURE A-2 
Diagram of a 
nuclear mag- 
netic resonance 
spectrometer. 


Magnet Sample 
tube 
rf input 
coil 
rf output 
receiver 
if input L 
oscillator 


NMR Spectrum 
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FIGURE A-3 
Spin-state orien- 
tations of the 
hydrogen nu- 
Cleus in a mag- 
netic field Но. 


А 


and receiver coils surround the sample. Samples аге usually dissolved in 
about 0.5 mL of a solvent that contains no protons, such as carbon tetrachlo- 
ride (СС) or deuterated chloroform (CDCl), so that only protons of the 
sample will be observed. The sample tube is usually rotated rapidly. Gases 
and solids can also be analyzed by NMR spectroscopy. 

Let us develop the concepts of NMR spectroscopy, using the hydrogen 
nucleus ('Н) as our model. А proton may be regarded as a spinning, posi- 
tively charged unit. Like any rotating electric charge, it generates a tiny mag- 
netic field H' along its spinning axis. If this nucleus is placed in an external 
magnetic field Ho, it will line up either parallel (A) or antiparallel (B) to the 
direction of the applied field (Fig. A-3). The parallel arrangement (A) is of 
lower energy, although the difference is very, very small. Out of 1 million 
(10°) nuclei only about 10 more are in the lower than in the higher energy spin 
state at 25°C. 

Nuclei are energetically perturbed during NMR analysis by a combina- 
tion of the applied magnetic field and the radio-frequency radiation. When 
either field or frequency is continuously varied to change the energy experi- 
enced by the nuclei, the instrument is said to be operating in a continuous 
wave (CW) mode. Most routine NMR spectrometers operate in CW mode at a 
fixed radio frequency and make small variations in the magnetic field as the 
spectrum is scanned. When the energy exerted on a nucleus equals the en- 
ergy difference between spin states, a condition known as resonance is at- 
tained. Energy is absorbed as the nucleus "flips" between the two spin states. 
The absorption and subsequent emission of energy associated with this “spin 
flip" is detected by the radio-frequency receiver and ultimately recorded as a 
peak on the NMR spectrum. 

The energy difference between Spin states is characteristic of the particu- 
lar type of nucleus and the strength of the magnetic field experienced by that 
nucleus. For the proton in a field of 14,100 gauss (typical of many routine 
NMR spectrometers) the value is 5.7 x 107° kcal/mol (23.8 x 10-8 kJ/mol). 
Resonance is attained at approximately 60 megahertz (MHz). The relations 
are expressed in the following equations: 


BES hy. e ee 
2п 2T 


where AE — the energy difference between the two spin states 
h — Planck's constant 
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> = the frequency of resonance 

у = the magnetogyric ratio, a characteristic of the 
particular nucleus 

H = the magnetic field at the nucleus 


The mathematical expressions show that the frequency at which reso- 
nance occurs is proportional to the strength of the magnetic field experienced 
by the nucleus. We will see (Sec. A-2B) that the greater the field of a spectrom- 
eter, the greater the separation between resonance peaks in the NMR spec- 
trum. That is, peak resolution is enhanced. Instruments are now available 
with liquid-helium-cooled superconducting magnets that give a strong mag- 
netic field which, when combined with radio frequencies in excess of 
500 MHz, allows remarkable spectral resolution. 

Continuous wave (CW) proton-NMR has served the organic chemist 
very well. Spectra are routinely obtained in 5-10 minutes on samples of 
50-100 milligrams, and even on a few milligrams under special conditions. 
However, early in the development of these methods it was recognized 
that NMR would be considerably more valuable to the organic chemist if 
carbon nuclei could also be routinely detected. The problem is that the 12С 
isotope has no magnetic moment and the magnetically active °C isotope is 
only one sixty-fourth as sensitive to NMR detection as is the proton. Further- 
more, the natural abundance of the “C isotope is 1.1%. Thus the "C-NMR 
spectrum of a particular sample is only about one six-thousandth as intense as 
the comparable 'H-NMR spectrum. 

Much of the early work on ?C-NMR was done with 'H-NMR instru- 
ments with a magnetic field of 14,100 gauss. That corresponds to а °C reso- 
nance frequency of approximately 15.1 MHz. Repetitive techniques were 
used to add up the very faint signals from many PC spectral scans. Because 
the background electronic noise is random, it averages to zero, whereas the 
actual resonance peaks add together to give the spectrum. The problem with 
this approach is the time required. Days or weeks are often necessary to 
obtain a reasonable spectrum. 

The solution to this problem came with the application of Fourier trans- 
form (FT) methods to the NMR experiment. Rather than scan the field by the 
CW method so that each type of nucleus is sequentially brought into reso- 
nance, an electronic pulse of microsecond duration excites all the nuclei si- 
multaneously. A computer associated with the spectrometer then accom- 
plishes Fourier transform analysis of the electronic output obtained as the 
nuclei relax. A complete spectrum is obtained in just a few seconds. Accumu- 
lation of many repetitive spectra is rapid, so that a useful 13С spectrum can be 
obtained in just a few minutes. 

Although the Fourier transform methods were initially important for 
nuclei of low sensitivity, the capabilities associated with computer data han- 
dling are making FT NMR the method of choice for all NMR spectroscopy. For 
example, the same 'H-NMR spectrum on a 50-100 mg sample that requires 
5—10 minutes using a CW spectrometer can be obtained in less than a minute 
with a FT instrument. 
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B. Chemical Shift 


The energy required for spin flip is characteristic of the kind of atomic 
nucleus. However, NMR spectroscopy would be essentially useless as an 
analytical tool if, for example, only one peak were recorded for all of the 
hydrogen atoms in an organic molecule. 

The value of the NMR method results from the fact that the magnetic 
field H actually experienced by a nucleus is not simply the applied field Но. 
When a molecule is placed in a magnetic field, the electrons of each atom 
produce small induced magnetic fields hg in opposition to and proportional to 
the applied field Ho. A particular nucleus therefore experiences an effective 
field H which is the net result of the large field of the spectrometer magnet 
and the many small induced fields of adjacent atoms in the molecule. In NMR 
terminology the induced fields are said to shield the particular nucleus from 
the field of the magnet. 


H= Ho ~ (lio + hi + hi +) 


resonance, energy is absorbed and the subsequent emission is detected by 
the radio-frequency receiver coil. The NMR spectrum thus records resonance 


For 'H- and "C-NMR spectra of organic compounds the single resonance 
peak of the methyl groups in tetramethylsilane (TMS, (CH3)4Si] is taken as the 
reference and set as zero. 

Frequency units in hertz (Hz) are used to record chemical shifts whether 


comparison of spectra from one instrument to another, a frequency-inde- 
pendent scale for chemical shift values, known as the delta (5) scale, is used. 
Chemical shifts in the delta scale are expressed in parts per million (ppm). 


PROBLEM 


А-1 
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where 84 — chemical shift of nucleus A, ppm 
Av — difference in resonance frequency, Hz, between the standard 
(TMS) and the peak being measured 
v — spectrometer frequency, Hz 


The chemical shifts of the methyl protons of acetone (2-propanone) are 
located at 2.1 ppm. What is the separation, in frequency units (Hz), for 


this peak from the TMS standard when the spectrum is run on a 60- 
MHz instrument; on a 100-MHz instrument; on a 500-MHz instrument? 


C. Chemical Shift and Molecular Structure 


Chemical shift values of most protons lie downfield (to the left) of TMS 
within a range of 0-10 ppm. С chemical shifts also are downfield from TMS. 
However, their range is much greater; about 0-250 ppm. Certain generaliza- 
tions have been developed to organize and predict chemical shift values in 
various molecular environments. 

Unless otherwise noted, all "H-NMR spectra in this text were recorded 
at 60 MHz and all C-NMR spectra were recorded at 25 MHz. 


1 In otherwise equivalent environments, the more hydrogen atoms on one 
carbon, the greater the magnetic shielding. A greater applied field is re- 
quired to attain resonance, so that the chemical shift value is farther upfield 
(to the right) and the delta value is lower. 


| | 
à —C-H > —CH, > —CH, 


2 Electron attraction by adjacent electronegative atoms or groups has a 
deshielding effect on the nucleus. The chemical shift is farther downfield 
(to the left) and the delta value is higher. 


3 Unsaturation has a deshielding effect on chemical shift and the delta values 


increase. 
5 Ti al 
в yu» eo үүн 


The chemical shifts of nuclei їп various molecular environments are compiled 
in Table А-1 for ЇН and Table A-2 for PC. 
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TABLE А-1 Characteristic 'H-NMR Chemical Shifts 
Methyl Methylene Methyne Others 
Group 5, рра Group 5, ppm Group 6,ppm Group 5, ppm 
| | Ж 
сн 0.9 р 1.4 = 2r a 1.5 H-N, 1-3 
ШАШУ И / ШУ 
СНС ха 1.6 —СН.—С= NV 2.3 —CH-C=C 2.6 H—OR 1-5 
7 7 m 

CH,—C— 21, | —CH,—C— Dd uen CHE Do CEC 2,5 
| | 

CH,—NR, QD GHI NR; ен NR, 29 НОС 55 
| 

CH,—Ar 23  —CH,—Ar 27 —Сн—Аг 3.0 H—Ar 7.3 
| 

CH,—Br 2.7 —CH,—Br 3.3 —CH—Br 4.1 9 
| —C— 10 

CH;—Cl 3.1 —CH,—Cl 3.4 +-CH-—Cl 4.1 “i 
| 7 

CH,—0— 33 —CH,—O— 34 ^ “cH OL 37 '""WH—oc— 9-12 

CH,-NC- 3.3 


TABLE А-2 Characteristic 'C-NMR 
Chemical Shifts 


—CH 25-60 
—C—Br 10-25 
no | 15-30 


110-170 


155-180 


160-185 


190-210 


PROBLEM 
А-2 
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a Arrange the protons in the following partial structures in order of 
decreasing ЇН chemical shift. 


b Arrange the underlined carbon atoms in order of decreasing °C 
chemical shift. 


Е ЈЕ 
ae сн, ен = H 


он бен -©—сн, —O—CH, 


Let us consider the NMR spectra of some representative organic com- 
pounds to see how chemical shift can be correlated with molecular structure. 
Ethane provides an example of the chemical shift for relatively unperturbed 
methyl groups. In the 'H spectrum (Fig. A-4a, p. 1072), all six of the protons 
are chemically and magnetically equivalent. A single resonance peak is ob- 
served at 0.85 ppm. The °C spectrum of ethane shows a single peak at 
5.7 ppm (Fig. A-4b, p. 1072). Here the result can be accounted for by the 
equivalence of the two methyl carbon atoms. 

The two equivalent methyl groups of acetone (2-propanone) are con- 
nected to an electron-attracting carbonyl group. Their hydrogen atoms are 
deshielded relative to the methyl groups of ethane and possess a chemical 
shift value of 2.1 ppm (Fig. A-5a, p. 1073). Two resonance peaks are found in 
the ^C spectrum of acetone. One, representing the equivalent carbon atoms 
of the two methyl groups, is slightly deshielded (5 — 31 ppm) relative to the 
ethane methyl groups (Fig. A-5b, p. 1073). The second peak, that of the car- 
bonyl carbon atom, is markedly deshielded to 206 ppm. This magnitude of 
deshielding is typical of the °C shifts of highly oxidized carbon atoms. 

The "H-NMR spectrum of methanol shows two different kinds of pro- 
tons: the three equivalent protons of the methyl group and the single hydroxy 
proton. Both are deshielded because of the presence of the electronegative 
oxygen atom (Fig. A-6a, p. 1074). Since the methyl group of methanol is 
bonded directly to the oxygen atom, the chemical shift of its protons is more 
deshielded (8 = 3.5 ppm) than that of the methyl groups of acetone (8 = 
2.1 ppm). The PC spectrum of methanol (Fig. A-6b, р. 1074) has only one peak, 
that of the methyl carbon atom, deshielded to 49 ppm by the oxygen atom. 
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FIGURE A-4 500 400 300 200 100 0 Hz 
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FIGURE A-5 500 400 300 200 100 0 Hz 
1H- апа !°С-ММВ 
spectra of ace- 
tone. 
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FIGURE A-6 500 300 700 100 0 Hz 
1H- and C-NMR 
spectra of meth- 
anol. 
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PROBLEM Suggest the structure of a compound with each of the following NMR 
A-3 spectral characteristics. Predict the approximate chemical shift(s) for 
your compounds. 


а A compound C,H,O with one !H- and one C-NMR peak. 


b An acyclic compound C3H;Cl with two 'H- and three “C-NMR 
peaks. 


с A compound CHN with one !H- and one C-NMR peak. 
d A compound СН» with one 'H- and two C-NMR peaks. 
е A compound C;Hio with one 'H- and one C-NMR peak. 
Е An alcohol С«НлоО with two !Н- and two C-NMR peaks. 
g An ester C;H,O, with two *H- and three C-NMR peaks. 
В A compound C,H, with опе 'H- and two ?C-NMR peaks. 


D. Spectral Peak Areas 


Another important kind of information available from NMR analysis is 
illustrated by the 'H-NMR spectrum of methanol (Fig. A-6a). The peak area 
due to the methyl proton resonance is larger than that attributed to the hy- 
droxy hydrogen resonance. In fact, measurement of the peak areas shows 
that the relative sizes are 3:1, exactly the ratio of the numbers of hydrogen 
atoms involved in the two groups. 

An electronic integrator is a part of the typical NMR spectrometer. Rela- 
tive areas are commonly indicated by the vertical distances of a second line 
recorded over the spectral peaks. Spectrometers that use an on-line computer 
data system will often print out numerical integral areas associated with each 
resonance peak. 

Consider the ‘H-NMR spectrum of 1,2-dimethoxyethane (Fig. A-7, p. 1076). 
Resonance peaks are observed at 3.2 and 3.4 ppm. The chemical shifts are 
indicative of protons deshielded by an adjacent oxygen atom. Although we 
would predict that the methylene resonance would be located further down- 
field (3.4 ppm) than the methyl resonance, a final determination is difficult for 
the closely spaced peaks. Integration of peak areas provides the answer. 

The spectrum of 1,2-dimethoxyethane illustrates an important restric- 
tion on the use of peak areas for analysis. The data indicate only relative 
numbers of protons. The integral line shows a ratio of 3:2. Yet we know that 
1,2-dimethoxyethane actually contains a total of 10 hydrogen atoms; that is, 
the peak areas actually represent a 6:4 atom relation. Other methods such as 
mass spectrometry (Sec. A-5) may be required to provide a final molecular 
formula for an unknown compound. 
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FIGURE A-7 500 400 300 200 100 0 Hz 
‘H-NMR spectrum 
of 1,2-dimethoxy- 
ethane showing 
Peak area inte- 
grals. 


CH30CH3CH30CHg 
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At this point we will limit our discussion of peak areas to ‘H-NMR. 13С 
Fourier transform (FT) NMR involves nuclear relaxation processes that can 
alter relative peak areas so they do not correspond to the numbers of nuclei 
for the compound being investigated. Various experimental techniques are 
used to minimize these problem, but it has not yet become routine to inte- 
grate C-NMR spectra, 

There is however, a potential benefit from a cursory examination of peak 
sizes in °C FT NMR spectra. For example, the °C spectrum of acetone (Fig. 
A-5b) represents the size of the тезопапсе peak for the carbonyl carbon atom 
(206 ppm) as much less than one-half the size of the peak for the two methyl 


that control peak size depend, in part, on interaction with adjacent protons. 
Since the carbonyl carbon atom is not bonded to any hydrogens, it has a 
longer relaxation time than the methyl carbons and therefore its peak is rela- 
tively smaller. This crude analysis, when combined with chemical shift data, 
can be quite helpful in identifying carbon atoms of carbonyls, nitriles, acety- 
lenes, and quaternary structures. The ЗС ЕТ ММК spectrum of tert-butyl alco- 
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FIGURE A-8 D —————— I 
BC.NMR spec- 
trum of tert-butyl 
alcohol. 
(CH,),COH 
TMS} 
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compound. The ‘H-NMR spectrum of methyl propanoate is illustrative (Fig. 
A-9). 

The spectrum exhibits three sets of resonance peaks: a triplet centered at 
1.2 ppm, a quartet at 2.3 ppm, and a singlet at 3.6 ppm. Chemical shift corre- 
lations allow us to assign the triplet at 1.2 ppm to the methyl group (a) con- 
nected to the methylene. The quartet at 2.3 ppm is attributed to the methyl- 
ene (b) deshielded by the ester carbonyl group, and the methyl group (c) 
attached to oxygen accounts for the singlet deshielded to 3.6 ppm. Relative 
integral areas (3:2:3) are consistent with those assignments. 


FIGURE A-9 500 400 300 200 100 
‘H-NMR spectrum 
of methyl propa- 
noate. 
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Why do some of the resonance peaks exist as multiplets, and how can 
the multiplets be used in the spectral analysis? Multiplets arise from the small 
magnetic interactions that occur between the nuclei of neighboring atoms. 
The nuclei are said to be coupled, and the resulting NMR spectral patterns are 
known as spin-spin splitting. 

Using the proton as an example, we recall that the nucleus, in a mag- 
netic field, exists in two opposing spin states of almost equal energy (Sec. 
A-2A). The small magnetic fields (ho) generated by the nuclear Spins of one 
nucleus add to and subtract from the field (H) experienced by protons on the 
same or an adjacent atom. As a result, it is necessary for the spectrometer to 
apply slightly less and slightly more magnetic field (Ho) to bring the protons 
into resonance. It is that applied field, Ho, that is recorded as the spectrum. 
The consequence is that the resonance signal for a particular nucleus can 
appear as a series of close, evenly spaced peaks. The nuclear spin state combi- 
nations that give rise to multiplets are depicted in Fig. A-10. 

Several rules characterize spin-spin splitting of ЇН resonance peaks: 


1 The simple “first-order splitting" takes place between protons on adjacent 
or on the same atoms. 

2 Splitting occurs only between nuclei with different chemical shifts, that is, 
between magnetically nonequivalent atoms. 

3 The number of peaks N into which a proton signal is split equals one more 
than the number of equivalent neighboring protons n; that is, N = n + 1. 
N = 2, a doublet (4), results from one adjacent proton. 

N = 3, a triplet (t), results from two adjacent protons. 
N — 4, a quartet (9), results from three adjacent protons. 

4 Peak area relative ratios within a multiplet are 
doublet, 1:1 
triplet, 1:2:1 
quartet, 1:3:3:1. 

5 The chemical shift of a multiplet is at the “center of gravity” of the particu- 
lar group of lines. (This is a weighted average of multiplet peak areas rela- 
tive to their chemical Shifts.) 


The effects that lead to spin-spin splitting are much smaller than those 
which result in chemical shift differences as a nucleus experiences a change in 
environment. Splitting in "H-NMR is usually less than 20 Hz. The coupling 
constant J is the frequency difference, expressed in hertz, between adjacent 
ys id iis etd For a particular multiplet, the distances between peaks 
are identical. 
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FIGURE A-10 
Nuclear spin states and NMR splitting 
Но = applied field 
Н = effective field 
No = fields of adjacent nuclei 
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TABLE A-3 Typical Proton-Proton Coupling 


Constants 

Structure Jaz, Hz Structure Jas, Hz 
Hy Ha | He 

н, 10-15 —C—C=C— 0-3 


PROBLEM | sketch the 'H-NMR spectrum, including multiplet patterns when they 
А-4 are appropriate, for each of the following compounds: 


а CH,CHBr, е CICH,CH,CH,CI 


b (CH,),CCH,OCH, Br 
c CH,CHyI f cH,CHCH, 
H 


CH,CH,CH., 
d CH, 10 SL ISSN 


20 


h CH,CH,C 


^u 


We can now return to analysis of the !H-NMR spectrum of methyl pro- 
panoate (Fig. A-9). The methyl group on the ester oxygen atom is a singlet 
because it has no neighboring protons. Furthermore the three methyl hydro- 
gen atoms are equivalent, and thus do not split each other. The other methyl 
group is adjacent to two equivalent methylene protons, and so it is a triplet 
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FIGURE A-11 500 400 300 200 100 0 Hz 


CH3CH20H 


Typical 'H-NMR 
spectrum of eth- 
anol. 


(N = 2 +1 = 3). The methylene group resonance is split into a quartet by the 
three equivalent methyl protons (N = 3 + 1 = 4). Data obtained from chemi- 
cal shift, peak areas, and splitting patterns lead to the final spectral analysis. 

Spin-spin splitting is normally not observed for a proton attached to an 
oxygen or nitrogen atom, i.e., a proton of a hydroxy or amino group. Such 
protons are relatively acidic (Sec. 4-1C), and they rapidly interchange be- 
tween molecules. Adjacent protons within an individual molecule experience 
an average of the nuclear spin states for the rapidly exchanging hydroxy or 
amino protons, and no splitting takes place. Ethanol, for instance, typically 
has an ‘H-NMR spectrum with the predicted triplet and quartet multiplets of 
the ethyl group, but no interaction between the hydroxy proton and neigh- 
boring methylene group (Fig. A-11). 


PROBLEM a The !H-NMR spectrum of ethanol obtained under very anhydrous 
А-5 conditions is reproduced in Fig. А-12, p. 1082. Account for the split- 


ting patterns. 
b Predict the C-NMR spectrum of ethanol. 


PROBLEM 1-Chlorobutane, 2-chlorobutane, 1-chloro-2-methylpropane, and 2- 
A-6 chloro-2-methylpropane are isomers. Show how they can be differen- 
tiated using only their H-NMR splitting patterns. 
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FIGURE A-12 500 400 300 200 100 Г 0 Hz 
High-resolution ЕҢ 
‘H-NMR spectrum 
of anhydrous + 
ethanol (Prob. H H 
A-5). Е 
HHH 
HH 
HE НН H 
HEHH 
1 
ALLJ 
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 6-ppm 
PROBLEM Identify each of the following compounds from its 60-MHz ‘H-NMR 
A-7 spectrum. 


a A liquid often used as a cleaning solvent, СНС (Fig. A-13) 


b A gas at room temperatures, C,H,O (Fig. A-14) 
с The major organic component of vinegar, C,H,O, (Fig. A-15) 
d An aromatic liquid, С,Нь (Fig. A-16, p. 1084) 


Henr MN TL M M Dee — — — а 


‘H-NMR spectrum 
for Prob. A-7a. 


8.0 7.0 6.0 5.0 


200 100 0 Hz 


i 


40 3.0 2.0 1.0 0 ё-ррт 
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FIGURE A-14 500 400 300 200 100 0Hz 
!g-NMR spectrum 
for Prob. A-7b. 
t 

8.0 7.0 6.0 5.0 40 3.0 2.0 1.0 0 6-ppm 
FIGURE A-15 500 400 300 200 100 0Hz 
‘H-NMR spectrum 
for Prob. A-7c. 
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FIGURE A-16 500 400 300 200 100 0 Hz 
!H-NMR spectrum 
for Prob. A-7d. 


8.0 7.0 6.0 5.0 40 3.0 2.0 1.0 0 ё-ррт 


Е. More Complex Splitting 


Organic compounds often exhibit NMR spectra in which the splitting 
patterns are more complex than the multiplets depicted in the preceding sec- 
tion. Of particular importance are the effects of long-range coupling and non- 
first-order splitting patterns. 

The coupling between nuclei that gives rise to Spin-spin splitting is a 
result of interaction through chemical bonds. We have seen that splitting in 
"H-NMR spectra is normally observed when interacting protons are located 
on adjacent atoms and coupling occurs through three bonds. Longer-range 
coupling is often observed between nonadjacent nuclei in compounds with 
multiple bonds. For example, the spectrum of 2-butenal shows a more com- 
plex pattern for the terminal methyl group `H resonance (ô = 2.0 ppm) than 
would be expected for splitting by one adjacent proton (Fig. A-17). The ex- 
pected doublet (J = 6.5 Hz) is further split (J = 1.0 Hz) by coupling to the 
proton on the number two carbon atom. Long-range coupling through multi- 
ple bonds typically leads to splitting with coupling constants in the range 
0.5-4.0 Hz. 

The spectrum of 2-butenal also exhibits non-first-order splitting super- 
imposed on the long-range coupling for the two alkene protons. This occurs 
because the и + 1 rule for predicting multiplicity breaks down as the value of 
the coupling constant approaches the chemical shift difference (in Hz) be- 
tween the interacting nuclei. Increasing complexity of splitting patterns oc- 
curs when J/Av = 0.1. In 60-MHz proton spectra, simple first-order splitting is 
i when the chemical shifts of coupled protons differ by about 1 ppm or 
less. 

The splitting pattern observed for 2-butenal between 5.8 and 7.4 ppm is 
complex and shows little resemblance to first-order splitting. In Fig. A-18 we 
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FIGURE A-17 500 400 300 200 100 0Hz 
1Н-ММЕ spectrum 
of 2-butenal. 
Coupling: 

Jac = 7 Hz; 

Upe = 15 Hs; 

Леа = 1.0 Hz; 

Ља = 6.5 Hz. 


о 
I 
Nec “н @) 


(b) H 


Фе" “нб 


illustrate a simpler example, using line drawings to depict the change ех- 
pected as the chemical shift difference between two interacting protons 
changes relative to the coupling constant. Note that diagram c is clearly not a 
quartet, since the spacing between peaks is not equal. Diagrams d and e repre- 
sent the common pattern of a pair of doublets, though the peak intensities are 
somewhat skewed in d. 

Coupling between the protons on a substituted benzene ring is non- 
first-order, and can give rise to a wide variety of patterns in the region of 
7-8 ppm. Unsubstituted benzene (С;Н;) gives a true aromatic singlet, al- 
though many aromatic compounds give a peak that resembles a somewhat 
broadened singlet. A rationale for non-first-order splitting can be derived 


FIGURE A-18 
Depiction of the (а) А5 = 0 ppm 


Splitting patterns eiue 
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(Av in Hz) be- (b) «Ау = 0.5 а АОИ 
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protons on adja- 


cent carbon 
atoms changes (e) ЛА» = 0.2-0.5 РРР ВИШИ 


relative to the 
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PROBLEM 


A-8 


PROBLEM 


A-9 


from the mathematical equations for coupling in NMR spectra. In our use of 
the NMR method it is sufficient to recognize that such complex patterns are a 
part of the spectra of some compounds. 


Why does benzene give a sharp NMR singlet resonance peak for its 


aromatic protons? 


The hydrogen isotope deuterium (D — ?H) has a very weak coupling to 
adjacent hydrogen atoms. In practice, routine proton-NMR spectra of 
deuterated compounds show no coupling between hydrogen and deu- 
terium atoms. As a consequence, the substitution of deuterium for hy- 
drogen atoms is often used to simplify a complex splitting pattern. 
Predict the kinds of peak patterns to be found in the 'H-NMR spectrum 


of each of the following compounds. 


a СН.СН,СН, e CH,CD,CO;CH, (бее also Fig. A-9.) 
b CH,;CHDCH, 9 
c CH,CD,CH, У 9 


СС. Н (See also Fig. А-17.) 
d CH,DCHCI, хр ie pire 


Advances in NMR instrumentation are providing methods to minimize 
and in many cases even eliminate the problems of complex splitting. Recall 
that chemical shift frequency differences (Hz) are magnetic-field-dependent 
(Sec. A-2B). However, coupling constants are field-independent (Sec. A-2E). 
Since non-first-order splitting patterns occur when coupling constants have 
frequency values close to those of the chemical shift differences between the 
interacting nuclei, increasing the instrument's magnetic field increases chemi- 
cal shift differences without changing coupling constants. Complex splitting 
often is markedly simplified. 

An impressive illustration of the simplification accomplished by using a 
higher-frequency NMR spectrometer is illustrated by the "H-NMR spectrum 
of a compound possessing an unsymmetrically 1,2-disubstituted benzene 
ting. The aromatic region of the spectrum at 90 MHz is a complex multiplet 
resulting from adjacent and long-range coupling of the magnetically similar 
protons (Fig. A-19a). When the spectrum of the same compound is obtained 
at 500 MHz, (Fig. A-19b), the chemical shift of each of the protons is clearly 
separated. 


. Spin Decoupling 


Couplings between neighboring nuclei that lead to splitting patterns in 
ММК spectra are normally quite useful for structural analysis. In some cases, 
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FIGURE A-19 
!g-NMR spectra 
of a 1,2- 
disubstituted 
benzene ring 
obtained at (a) 
90 MHz and (b) 
500 MHz. 


(b) 


however, overlap of multiplets may be so complex that simplification of the 
spectra is desirable. If high-field instrumentation is not available to solve the 
problem, it can often be solved by spin decoupling (also known as double 
resonance). 

Spin decoupling involves irradiation of a nucleus at its resonance fre- 

quency using a second radio-frequency oscillator. The extra energy imparted 
to a particular nucleus results in a rapid interconversion between its nuclear 
spin states. An adjacent nucleus now experiences only an average of the 
nuclear spin states of the nucleus being irradiated. The splitting patterns dis- 
appear. 
The decoupling experiment is normally carried out by irradiating one 
particular resonance while scanning the remainder of the spectrum. Many 
modifications and extensions of the method can provide complex details 
about nuclear spin phenomena. Recall that the rapid exchange of acidic pro- 
tons in an NMR sample also averages the spin state effects and results in the 
disappearance of expected multiplets (Sec. А-2Е). 

Figure A-20a, р. 1088, reproduces the 60-MHz ‘H-NMR spectrum of 
4-bromo-1-butene. Splitting patterns of the alkene resonance peaks at 5.1 and 
5.8 ppm are complex because of long-range coupling through the double 
bond. When decoupling irradiation is carried out at the center of the number 
three methylene group (2.55 ppm), the complex multiplets at 5.1 and 5.8 ppm 
are markedly simplified by decoupling of adjacent and long-range interac- 
tions (Fig. A-20b, p. 1088). The neighboring methylene triplet pattern also 
collapses to a singlet. 


. Splitting in C-NMR 


Coupling constants between °C nuclei and their attached protons are 
large, usually 100-300 Hz. Even though the chemical shift range for IPC-NMR 
is quite large, overlap of multiplets can result in rather complex spectra. 

The spectra are usually simplified by eliminating all proton coupling 
using the technique of proton noise decoupling. All of the protons are irradi- 
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FIGURE A-20 
Normal (a) and 
decoupled (b) 
60-MHz 'H-NMR 
spectra of 
4-bromo- 
1-butene. 


PROBLEM 


А-10 


HHH 
aliii er 
— 

Cie 

HH 


(b) Irradiation 
frequency 


ated (Sec. A-2G) while the °C spectrum is obtained. This common approach 
to “C-NMR provides spectra in which each different carbon atom gives a 
single peak. In most cases one can simply count the peaks to determine the 
number of magnetically different carbon atoms in the molecule. All of the 
C-NMR spectra illustrated in the text to this point were obtained under 
conditions of noise decoupling. In addition to spectrum simplicity, noise de- 
coupling has the advantage of providing peak size enhancement for the usu- 
ally weak "°C resonance signals. 

It is, however, possible to obtain °C spectra in which splitting by the 
attached protons is shown. Relatively simple doublets, triplets, and quartets 
are observed. In Fig. A-21 the IC-NMR spectra of phenol are shown when 
run under conditions of noise decoupling (Fig. A-21a) and so as to show 
coupling to the attached protons (Fig. A-21b). 


Although °C atoms bonded to each other do couple, 13С—13С splitting 


is usually not important in analyzing the spectra of organic com- 
pounds. Explain this experimental reality. 
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FIGURE A-21 OH 

13С-ММЕ spec- a 

trum of phenol: b b 

(a) noise decou- 

реа, ^ А 

(b) coupled to 

attached pro- d 

tons. с 


(а) а 


(b) 


Because of the relative ease of obtaining rather clear spectra of them, 
some of the most interesting applications of "C-NMR are with large, complex 
molecules derived from natural sources. The large number of hydrogen atoms 
usually present in such molecules gives much peak overlap and splitting and 
results in broad, almost useless, spectral patterns when 1H-NMR spectros- 
copy is employed. The improved resolution available with C-NMR is illus- 
trated by the ЇН and PC spectra of cholesterol (Fig. A-22, p. 1090). 


PROBLEM Suggest a structure for each of the following compounds from their *H- 
A-11 and C-NMR spectra. 
a A low-boiling-point ester, C;H&O; (Fig. A-23, p. 1091) 


b A liquid hydrocarbon, CoH (Fig. A-24, p. 1092) 
c A liquid ketone, CsHgO (Fig. A-25, p. 1093) 
d An ester, C9H490; (Fig. A-26, p. 1094) 
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FIGURE A-22 500 400 300 
(а) ‘H-NMR spec- 
trum of choles- 
terol and (b) !°С- 
NMR spectrum of 
cholesterol. 


200 100 0 Hz 


(a 


(b) 
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FIGURE A-23 500 400 300 200 100 0 Hz 
(а) `H- and 

(b) PC-NMR 
spectra for Prob. 
A-11a. 


(a) 
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FIGURE A-24 


(а) `H- and 

(b) ?C-NMR 
Spectra for Prob. 
A-llb. 


(a) 
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FIGURE A-25 500 400 300 200 100 0 Hz 
(а) !H- and 

(b) ?C-NMR 
spectra for Prob. 
А-11с. 


(а) 


(b) 
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FIGURE A-26 500 400 300 200 саў nis 
(a) 'H- and 

(b) C-NMR 
Spectra for Prob. 
A-11d. 


(b) 
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A-3 Infrared Spectroscopy 


Absorption of energy in different regions of the electromagnetic spec- 
trum produces different excitations in molecules. Infrared radiation corre- 
sponds to the energies associated with molecular vibrations. A sample ex- 
posed to continuously changing wavelengths of infrared radiation in an 
infrared spectrophotometer absorbs light when the incident radiation corre- 
sponds to the energy of a particular molecular vibration. Typical infrared 
spectrophotometers scan the regions of molecular stretching and bending. 

The absorption of radiation is recorded to produce an infrared spectrum. 
Modern infrared instruments record the absorption of energy as a function of 
decreasing frequency (decreasing energy) from left to right. Wave number, a 
frequency-related unit expressed in reciprocal centimeters (cm!) is recorded. 
Wavelength, increasing from left to right, is usually recorded in micrometers 
(шт), where um = 1076 т = 10? nm. 


. Principles of Infrared Spectroscopy 


Atoms of a molecule vibrate in a variety of ways, but always at specific, 
quantized energy levels. If we treat the atoms of a polyatomic molecule as 
balls connected by flexible strings, the laws of motion tell us that there will be 
3n — 6 modes of vibration, where is the number of atoms in the molecule. 
Some of the stretching and bending vibrations of interest for infrared spec- 
troscopy are depicted in Fig. A-27. 

Energies of the stretching vibrations for organic molecules correspond to 
infrared radiation with wave numbers between 1200 and 4000 cm~}. That part 
of the infrared spectrum is particularly useful for detecting the presence of 
functional groups in organic compounds. In fact, it is often referred to as the 
functional group region because most functional groups of interest to organic 


FIGURE A-27 
Some stretching 
and bending vi- 
brations of poly- 
atomic mole- 
cules. 
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FIGURE A-28 


chemists have characteristic and relatively invariant absorptions at those 
wavelengths. 

The presence of an absorption peak in the functional group region of an 
infrared spectrum is almost always a definite indication that some particular 
functional group is present in the sample compound. Similarly, the absence 
of a peak in some specific part of the functional group region generally means 
that the particular group that absorbs in that region is not present. Figure 
A-28 illustrates the spectra of an aldehyde (а), a ketone (b), and а carboxylic 
acid (c). The strong absorption peaks between 1700 and 1750 ст! are charac- 


teristic of the carbon-oxygen double-bond (2c-o) stretching frequency. 


The region of the infrared spectrum at frequencies below 1600 ст”! 
commonly exhibits a large number of peaks. In addition to a few characteristic 
single-bond-stretching vibrations, there are a large number of peaks asso- 
ciated with molecular bending vibrations as well as certain overtones or com- 
binations. Far too many peaks are usually present to allow a complete 
interpretation. The spectral range is however, very useful for the final analy- 
sis of a sample. Peaks are quite characteristic of the particular compound, so 
that this part of the spectrum is commonly referred to as the fingerprint 
region. The spectra illustrated in Fig. A-28 show the complexity of the finger- 
print region. 

Infrared spectra can be obtained with solid, liquid, or gaseous samples. 
An interesting characteristic of the method is that samples are held in cells 
that are usually made of salt crystals. Glass is not transparent to infrared 
radiation. Sodium chloride (NaCl) is the most common cell material. Large 
sodium chloride crystals are cleaved to provide plates which resemble clear 


window glass. It is obviously very important that samples not contain even 
traces of water. 


Characteristic C=O IR stretching frequencies: (а) propanal, (b) 2-propanone, 


(с) propanoic acid. 
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FIGURE A-28 (Continued) 
Wavelength, um 
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B. Characteristic Infrared Absorptions 


Infrared spectra of organic compounds are usually too complex for the 
kind of complete analysis that can be accomplished on NMR spectra. How- 
ever, very useful information is obtained by examination of the characteristic 
group frequencies—the absorption peaks that are typical of specific func- 
tional groups. Correlations of characteristic group frequencies have been 
compiled from the infrared spectra of a large number of compounds. Table 
А-4 lists the absorption bands of particular diagnostic value for the analysis of 
organic compounds. 
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TABLE A-4 Infrared Absorptions of Diagnostic Value 
v, стг! А, um Chromophore Notes 
I Bonds to Hydrogen Atoms 
3200—3600 2.8-3.1 —O—H Alcohols 
Hydrogen bonding broadens the absorption 
and shifts its maximum to lower wave 
number. Very strong intramolecular 
hydrogen bonding may eliminate the 
absorption from view, as in aromatic o- 
hydroxyaldehydes. In cases of 
intermolecular hydrogen bonding, some 
OH groups are bonded, some are not, 
and both peaks may show. 
3350-3500 2.9-3.0 м-н Amines, amides 
Absorption is often diffuse or broad. 
Primary amines give two peaks. Amides 
and other nonbasic N—H show a very 
sharp, clean absorption here; —ONH; 
will show two distinct peaks. 
3310-3320 3.0 =C—H 
(acetylenic) 
| 
3000-3100 3.2-3.3 =C—H Present in most organic molecules, hence of 
(aromatic limited utility. 
and 
ethylenic) 
2850-2950 3.4-3.5 Эс=н 
(saturated) 
n 
2500-3600 2.8-4.0 —CO—H Carboxylic acids 
Typically a very broad, often strong ab- 
sorption. Non-hydrogen-bonded O—H 
à relatively sharp near 3500 cm~" 
2700-2900 3.4-3.7 AN Aldehydes 


2550-2950 


3.4-3.9 


ЕН 


Usualy two relatively weak, sharp 
absorptions, often very near hydrocar- 
bon C—H absorption. 


Thiols 


Often weak. 
TEENS e ее SN 


2100-2200 


2240-2280 


2250-2275 


4.5-4.8 


4.4-4.5 


4.4 


Cos 


Е 


—N=C=O 


Alkynes 

Weak absorption unless conjugated 
Nitriles 

Weak absorption unless conjugated. 


Isocyanates 
Strong sharp absorption. 
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TABLE A-4 (Continued) 


о pate) RA LAT 
v, cm^! А, um Chromophore Notes 
Ш Double Bond Region 


A. Carbonyl groups: Absorption values are for the chromophore adjacent to a saturated bond. 
Conjugation generally lowers the frequency by 30-50 cm™. Peaks are always strong. 


] 
1800-1850 5.3-5.4 (RC),O Acyclic anhydrides 


and and A separation of 60cm ! is observed 
1740-1790 5.6-5.8 between the two peaks of the anhydride 


absorption; one peak is usually more 
intense than the other, but there is no 
consistency about which peak. 


о 
1770-1815 5.5-5.7 RCX Acyl halides 
о 
1730-1750 5.7-5.8 RCO— Esters 
о 
1730-1740 5.7-5.8 ВСН Aldehydes 
(Ө) 
1705-1725 5.8-5.9 RCR Ketones 
a-Diketones show two bands, one higher 
than normal by 20-30 ст”!. 
О 
1700-1725 5.8-5.9 RCOH Carboxylic acids 
о 
1680-1700 5.9-6.0 RNC Amides 
B. Cyclic carbonyls 
~1820 25:5 ох 4-membered rings 
~1770 ~5.7 (= Lactones | 5-membered rings 
1735-1750 5.7-5.8. 6-membered rings 
~1775 ~5.6 4-membered rings 
1740-1750 ~5.7 Cx Ketones | 5-membered rings 
1705-1725 5.8-5.9 6-membered rings 
71780 ~5.6 м< 4-membered rings 
1700-1750 5.7-5.9 C3 E Lactams | 5-membered rings 
—1670 —6.0 6-membered rings 


1100 Appendix: Spectroscopic Methods 


TABLE A-4 (Continued) 
v, cm! À, um Chromophore Notes 
Ш Double Bond Region 


C. Other double bonds 


1620-1680 5.9-6.2 "ect Alkenes 
4 s The double bond absorption is very weak 
when symmetrically substituted, but is 
more intense when terminal. It becomes 
intense and at relatively smaller wave 
number in conjugated cases, more so 
when conjugated with ketones than with 
other double bonds. Tetrasubstituted 
double bonds often do not show. 


1400-1600 6.2-7.1 iN Aromatics 
A series of peaks of variable intensity used 
Principally as a fingerprint. 
1590-1690 5.9-6.3 ean Imines and oximes 


Intensity is usually weak and not much 
affected by conjugation. 


o 
2 
1540 6.5 — Nitro 
and and O- Strong absorptions relatively unaffected by 
1370 7.3 conjugation. 

N Уш " 
1120-1180 8.5-8.8 A Sulfones, sulfonamides, sulfonyl chlorides 
б Оа Р me р О Normally show two strong absorptions. 
1035-1070 9.3-9.7 p i 

.3-9. = Sulfoxides 
Strong absorption. 

N 

1100-1350 7.4-9.1 f= Phosphates and phosphonates 
Strong absorption. 

IV. Aromatic Substitution Patterns 

wes n Monosubstituted benzene 
an 

730—770 13.0-13.7 
735-770 13.0-13.6 m Ortho-disubstituted benzene 
jc eere Meta-disubstituted benzene 
750-810 12.4-13.3 


790—850 11.8-12.7 Ly Para-disubstituted benzene 
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TABLE А-4 (Continued) 
v, cm^! А, um Chromophore Notes 
V Carbon-Heteroatom Single Bonds 


Most carbon-heteroatom single-bond stretching frequencies lie in the fingerprint region. Th 1 
exhibit very strong absorption peaks. PAM za od d аран 


1020-1150 8.7-8.9 ч Alkyl amines 
Зем 

1250-1360 7.4-8.0 A Aromatic amines 
7 

1180-1300 7.7-8.5 RC—O— Esters 

1050-1100 9.1-9.5 X 

and and —C—OH Alcohols and phenols 

1250-1400 7.2-8.0 4 
N, ^ 

1050-1270 7.9-9.5 ее. Ethers 
\ 

500-750 13.420 EX Haloalkanes 


———————————————————————————————————————O 


Essentially all organic compounds will have some infrared absorption 
peaks between 2800 and 3300 сш, for this is the region of the characteristic 
C—H stretching frequencies. Although there are small differences when the 
hydrogen atom is connected to a saturated and an unsaturated carbon, the 
region is normally of only limited utility for routine analysis. 

The O—H stretching frequencies of alcohols lead to large absorption 
peaks in the region 3200-3600 ст". A free hydroxy group gives a sharp peak 
at about 3600 cm™', and the broad peak commonly observed is a result of 
hydrogen-bonding interactions (Sec. 3-2A) between the hydroxy groups of 
many alcohol molecules. When hydroxy is part of a carboxylic acid group, a 
very broad band is found in the 2500-3600 ст! range. This, combined with a 
carbonyl stretching frequency at about 1710 cm ^, is quite characteristic of 
carboxylic acids (see, for example, Fig. A-28c). 

The region between 1900 and 2500 ст”! is relatively free of absorption 
peaks. Triple-bond stretching frequencies of alkynes and nitriles at 2100— 
2200 ст! are the common absorptions that appear in this region. Thus 1- 
hexyne (Fig. A-29, p. 1102) has a characteristic triple-bond stretching fre- 
quency at 2120 ст- *. We also see the alkyne (=C—H) stretching absorption 
at 3320 cm ^! distinctly separated from the alkane C—H bands between 2800 
and 3000 ст”. In the fingerprint region the peak about 1450 cm ^! is typical 
of a methyl bending, and that at 650 ст”! has been assigned to bending about 
the alkyne group. 

Characteristic absorptions associated with double bonds are often con- 
sidered to have the most diagnostic value. We have seen that the carbon- 
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FIGURE A-29 
IR spectrum of 1-hexyne. 
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oxygen stretching frequencies of all carbonyl groups are found in the 1650- 
1850 стт! region (Fig. A-28). Small differences in position can be used to 
differentiate the actual types of carbonyl groups. For instance, a simple ke- 
tone has a carbonyl stretching frequency at 1705-1725 ст! (Fig. A-28b), and 
an aldehyde carbonyl absorption comes at 1730-1740 ст-1 (Fig. А-28а). 
When the two weak bands due to the aldehydic C—H stretching are observed 
in the 2700-2900 ст”! region, the identification is usually obvious. 

An electronegative atom attached to the carbonyl group usually leads to 
а shift in absorption to higher frequencies. Esters absorb in the 1730- 
1750 стт! region, and acyl chlorides give a characteristic peak at 1770- 
1815 cm. Acid anhydrides always give two peaks in the 1740-1850 ст”! 
region. The spectrum of propanoic anhydride (Fig. A-30) also illustrates the 
typical C—O stretching absorption at about 1100 cm. 

Ring strain in cyclic ketones shifts the carbonyl group stretching fre- 
quency to a higher value (higher energy). Infrared analysis provides a rather 
reliable differentiation of four-, five-, and six-membered cyclic ketones. 

The carbon-carbon double-bond stretching frequencies for alkenes lie 
between 1620 and 1680 cm=!. The absorption band is usually weak, and in 
Some cases it may not be detected. Symmetrically substituted alkenes nor- 
mally do not exhibit an absorption peak in this region. Absorption peaks for 
terminal and conjugated alkenes usually is significant. 

Bending modes that appear in the fingerprint region of an alkene spec- 
trum are often very useful for analysis. The Z (cis) and E (trans) isomers lead 
to very different peak positions. In the Spectra of the 4-4-dimethyl-2-pentenes 
(Fig. A-31, p. 1104) the Z (cis) isomer has a characteristic absorption at about 
710 ст”! and the corresponding E (trans) isomer peak is at 970 cm. 
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FIGURE A-30 
IR spectrum of propanoic anhydride. 


Wavelength, um 
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Aromatic compounds typically exhibit a series of peaks between 1400 
and 1600 cm^!. The peaks provide a characteristic fingerprint, but usually 
they cannot be used for initial diagnostic analysis. There are, however, some 
very useful peaks which occur in the 700-900 cm"! region: these absorptions 
are often used to establish substitution patterns on aromatic rings. Spectra of 
methylbenzene (toluene), 1,2-dimethylbenzene (o-xylene), 1,3-dimethyl- 
benzene (m-xylene) and 1,4-dimethylbenzene (p-xylene) are illustrative (Fig. 
A-32, pp. 1105-1106). 


PROBLEM Which group(s) are indicated by the peak(s) in the functional group 
A-12 region of the following infrared spectra? 


a Figure A-33, p. 1107 d Figure A-36, p. 1108 
b Figure A-34, p. 1107 e Figure A-37, p. 1109 
c Figure A-35, p. 1108 f Figure A-38, p. 1109 


PROBLEM Suggest a structure for each of the following compounds from their 
A-13 infrared spectra. 


a C.H;Cl (Fig. A-39, p. 1110) d С.Н. (Fig. A-42, p. 1111) 


b C,H,O (Fig. A-40, p. 1110) е С.Н, (Fig. A-43, p. 1112) 
с C;H,0; (Fig. A-41, p. 1111) f СНсО (Fig. A-44, р. 1112) 
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FIGURE A-31 
TR spectra of the (а) Z (cis) and (b) E (trans) 4,4-dimethy!-2-pentenes. 
Wavelength, um 
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FIGURE A-32 
IR spectra of substituted aromatic hydrocarbons: (а) Methylbenzene (toluene), 
(b) 1,2-dimethylbenzene (o-xylene) 
Wavelength, ym 
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FIGURE A-32 (Continued) 


(c) 1,3-dimethyl-benzene (m-xylene), (d) 1,4-dimethyl-benzene (p-xylene). 
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FIGURE A-33 
IR spectrum for Prob. A-12a. 
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FIGURE A-34 
IR spectrum for Prob. A-12b. 
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FIGURE A-35 
IR spectrum for Prob. A-12c. 
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FIGURE A-36 
IR spectrum for Prob. A-12d. 


Wavelength, um 
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FIGURE A-37 
IR spectrum for Prob. A-12e. 
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FIGURE A-38 
IR spectrum for Prob. A-12f. 
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FIGURE A-39 
TR spectrum for Prob. A-13a. 
Wavelength, um 
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FIGURE A-40 
IR spectrum for Prob. A-13b. 
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FIGURE A-41 
IR spectrum for Prob. A-13c. 
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FIGURE A-42 
IR spectrum for Prob. A-13d. 
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FIGURE A-43 
IR spectrum for Prob. A-13e. 
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FIGURE A-44 
IR spectrum for Prob. A-13f. 
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А-4 Ultraviolet and Visible Spectroscopy 


Electromagnetic radiation in the ultraviolet (UV) and visible (Vis) re- 
gions of the electromagnetic spectrum provides energy capable of promoting 
electrons of a molecule from their ground state to an excited state. The por- 
tion of the ultraviolet region of interest to organic chemists lies between 200 
and 400 nm in wavelength, and the visible region extends to about 800 nm. 
Both regions correspond to energy levels characteristic of excitation of pi and 
nonbonding electrons and are most often associated with conjugated mole- 
cules. The use of photoactivation to promote chemical reactions is considered 
in Chap. 27. 


A. Energy Absorption and Electronic Excitation 


1,3-Butadiene absorbs electromagnetic radiation at 217 nm when placed 
in an ultraviolet spectrophotometer (Fig. A-45). The absorption is due to the 
promotion of a pi electron from the filled v; molecular orbital of the ground 
state to an antibonding pi star (7*) state—the з orbital (Sec. 16-3B). The 
energy absorbed corresponds to the energy required for the m — 7" (pi to pi 
star) electronic transition. Such m — 7* excitation is characteristic of the UV 
spectra of conjugated dienes. 


Е ИА v) tem no 
РЕЛЕ Tc 
Ground-state electron Excited-state electron 
configuration of 1,3-butadiene configuration of 1,3-butadiene 


Carbonyl groups possess characteristic absorption associated with non- 
bonding electrons on the oxygen atom. Nonbonding electrons are not held as 
tightly as are pi electrons, and they are promoted to antibonding orbitals by 
lower-energy UV radiation. Such n > т^ (n to pi star) excitation is less proba- 


FIGURE A-45 
UV spectrum of 
1,3-butadiene. 
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FIGURE A-46 
UV spectrum of 
acetone. 


210 220 230 240 250 260 270 280 290 300^, nm 


ble than the т — 7* process, arid so it gives an absorption peak of a relatively 
lower intensity. The UV spectrum for acetone is illustrative (Fig. A-46). 

The п — л* absorption peak of acetone is centered at 270 nm. A strong 
т — т? absorption due to the nonconjugated carbon-oxygen double bond is 
located at 187 nm, just out of the region of common UV spectroscopy. The 
portion of the spectrum below 200 nm is known as the vacuum ultraviolet 
because the molecules of which air is composed absorb radiation in this re- 
Bion. Air must be absent from the sample and spectrometer to observe spectra 
in this region. Vacuum ultraviolet is therefore accessible only with special 
instrumentation. 

Conjugation increases the absorption wavelength by decreasing the 
energy difference between ground and excited states. Both the n — 7* and 
т — т* transitions are at longer wavelengths (lower energies) in 3-buten-2- 
one (methyl vinyl ketone) than in the nonconjugated 2-butanone (methyl 
ethyl ketone). It is generally found that the excited state is relatively more 
stabilized by conjugation than the ground state so that the magnitude of the 
energy transition is decreased. 


: n H ү ? D 
cH,CCH,CH, CH,CCH—CH, 
la onda даалы nni Алах 324 nm 


7 —> т^ \nax 185 nm Ллах 219 nm. 


The benzene ring has a series of characteristic, but rather weak, absorp- 
tions centered at 254 nm. The absorption moves to longer wavelengths with 
an increased intensity when substituents capable of conjugation are added. 
For example, phenol shows an absorption at 270 nm and aniline at 280 nm. 

Ultraviolet spectra are usually recorded with samples dissolved in a non- 
absorbing solvent such as ethanol or hexane, and sometimes a pure gas is 
used. Cells are normally made of quartz, since glass does not transmit ultravi- 
olet radiation well. The extent of absorption of ultraviolet light is directly 
proportional to the amount of sample through which the radiation passes. 
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This quantitative relation is expressed by the Beer-Lambert equation: 
А = ed 


where, А = absorbance 
€ = molecular absorptivity, a constant characteristic of the 
particular compound at the wavelength A 
c — sample concentration, mol/L 
1 = length of the sample path, cm 


Absorption peaks are typically broad. They are usually recorded with 
wavelength increasing (energy decreasing) from left to right. The wavelength 
of maximum absorbance is reported as the Amax, and the calculated molar 
absorptivity and solvent are usually indicated. The UV spectrum of acetone 
(Fig. A-46) would thus be reported as: 444,187 nm (e = 900, hexane); 
Àmax270 nm (e = 15, hexane). 


. Model Compounds for Spectral Analysis 


Because UV spectra arise only from the group or conjugated system that 
absorbs radiation—the chromophore—and are little influenced by the rest of 
the molecular skeleton, different compounds having the same chromophoric 
system show very similar UV spectra. For example, the major characteristics 
of the spectra of compounds A and B are essentially identical, for the com- 
pounds possess the same chromophore, C. 


ре Erde E ь 
Ó (е) о 
А B с 


If an unknown compound is suspected of having structure B, the simple 
compound C can serve as the model chromophore. The use of model com- 
pounds is common practice in the analysis of natural products and is often 
invaluable when a chemist is establishing a molecular skeleton. 

When two chromophores in a molecule are insulated from each other by 
a break in conjugation, the resultant UV spectrum is a composite of the two 
individual spectra. For example, the spectrum observed for compound D 
turns out to be an approximate combination of the spectra of the model com- 


pounds E and F. 
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D 240 250 260 A, nm 
E F 
À max 254 nm (calc) А пах 245 nm (calc) 


C. Empirical Calculations 


Dienes and unsaturated carbonyl chromophores have attracted consid- 
erable attention because of their presence in complex natural products. Exten- 
sive correlations between UV spectra and the structures of these compounds 
have led to development of a set of simple empirical rules, the Woodward- 
Feiser rules, for the calculation of wavelength maxima. The general approach 
is to begin with an absorption wavelength for the parent chromophore and 
add a value for each substituent attached to the conjugated system. Some of 
the more important empirical values are compiled in Table A-5. 

The use of empirical rules for calculating UV absorption maxima is best 
illustrated by some examples. Consider the compound G. The parent chro- 
mophore, a diene, has a value of 215 nm. There are four alkyl substituents on 
the diene—the methyl group and three ring carbon atoms (circled)—and they 
account for an additional 4 x 5 = 20 nm. One of the double bonds is exocyclic 
to a ring; that is, it is attached to the perimeter of one ring. An exocyclic 
double bond adds another 5 nm to the Amax Value. The calculated value of 
240 nm is quite close to the observed value of 238 nm. 


Parent — 215 nm 
4C = 20nm 
lexo = 5nm 

К Алах = 240 nm (calc) 


G 
Amax 238 nm (observed) 
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TABLE A-5 Empirical Values for Calculations of UV Absorption Wavelength 
(the Woodward-Feiser Rules) 


Үй а 
52/0 4 2 
AS p о 
D B 2 т 


Dienes Enonest Aromatic carbonyls 


Parent 215 nm Z=C: 215 nm Z=H: 250 пт 
(acyclic or 6-membered ring) 
Z=C: 202 Z=C: 246 
(5-membered ring) 
Z=H: 207 Z = ОН, OR: 230 


Increments: 


Extra conjugated C=C - 
S-cis 
c=C—C=Ct 40 40 = 
Exocyclic positiont 5 5 — 
5 
0 
30 


Substituents: 

H 0 0 
R a 10 om 3 
ТВ 12 fonts 

y 6 18 
cl a 15 o,m 0 
HUM p 10 
OH, OR 71135: от 7 
в 30 р 25 
OCOR «B5 6 ri 
о BY 75 0, 15 
p 80 


26 zd > 
tFeatures: c diene as S-trans diene с=с Ring) 
27 


x 


Exocyclic double 
(Sja single kond) bond position 


The a,ß-unsaturated ketone H also has a parent chromophore value of 
215 nm. An additional conjugated double bond adds 30 nm, and the fact that 
the double bond is also exocyclic provides another 5 nm. Alkyl groups (cir- 
cled) on the y and 6 positions add 18 nm each (2 x 18 = 36 nm). An absorp- 
tion maximum of 286 nm compares favorably with the observed value of 


290 nm. 


1118 Appendix: Spectroscopic Methods 


Parent — 215 nm 


о СН; C—C = 30nm 
2C = 36nm 
lexo = 5nm 

и Ллах = 286 nm (calc) 


Amax 290 nm (observed) 


PROBLEM The actual Amax values for a series of compounds are indicated below. 


A-14 


Calculate the empirical values of the absorption maxima. 


CH, CHO 
: Bof 
N(CHj), 


Observed X,,, = 242 nm Observed Anax = 270 nm 


CH OH O 
CH 
CH,CO; $ y 


Observed Anax = 235 пт HO 


H; 
СІ 
Observed Anax = 286 nm 


CO,G,H, 
Observed Anax = 239 пт 


D. Color and the Visible Spectrum 


In order for the human eye to see color in an Object, the object must 
absorb light in the visible region (400—800 nm) of the electromagnetic spec- 
trum. A black object absorbs all wavelengths of visible light and a white object 
reflects all wavelengths. When only some of the wavelengths are absorbed 
and other wavelengths are reflected or transmitted, color is detected. We see 
the color complementary to that which is absorbed. Thus a material that 
absorbs blue light appears yellow in color (Table A-6). 

Highly conjugated organic compounds are colored because they possess 
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TABLE А-6 Color Observed and 
Wavelength Absorbed 


Light Absorbed 

Am Color Color Observed 
400 Blue Yellow 

500 Green Red 

600 Yellow Blue 

700 Red Green 


а Amax Value in the visible region. В-Саго!епе, a natural pigment found in 
carrots and tomatoes, has Amax of 450 nm and appears orange in color. 


OAT ОО STS 


B-Carotene 


Many organic compounds have color because their UV absorption ex- 
tends into the visible region. The substituted benzenoid compound p-nitro- 
phenol has a Amax of 320 nm. It is pale yellow due to the slight end absorption 
that occurs above 400 nm (Fig. A-47). 


eee) ышкаш ней MALE EO aas a ee Е ыыы Tee aye 
FIGURE A-47 

Absorption spec- 

trum of p-nitro- 

phenol. 


300 400 500A, nm 


HO NO2 


Amax 320 nm (e = 9 X 103, EtOH) 
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А-5 Mass Spectrometry 


Mass spectrometry is an analytical method in which molecules are ion- 
ized and then the ions are separated by virtue of their masses. The technique 
is useful for obtaining molecular weights and thereby molecular formulas. It 
can also provide considerable structural information. 

The mass spectral experiment involves two distinct processes. The first 
is ionization of the sample. This is followed by separation and detection of the 
ions. 


. Ionization 


There are mass spectral methods that generate both positive and nega- 
tive ions, though positive-ion mass Spectrometry is most common. We will 
only consider methods that generate positive ions, 

Bombardment of gas phase molecules of a sample at high vacuum by a 
stream of electrons can cause an electron to be ejected from some of those 
molecules. The molecular cation (M*) is formed. This electron impact 
method of forming cations is the oldest and most widely used ionization 
technique. 

Because the molecular ions are typically formed by a stream of electrons 
with energies near 70 electron volts (1610 kcal/mol, 6720 kJ/mol), they are 
highly activated. Fragmentation into smaller ions generally occurs. These 
smaller ions then can be analyzed as a part of the structure elucidation. 

Chemical ionization is a method in which ions are formed by ion-mole- 
cule reactions, that is, by reaction of sample molecules with ions formed in 
another process. Often electron impact is used to generate the ions which are 
then employed in the ion-molecule reactions. Methane, for example, forms a 
cation that is commonly used to promote the chemical ionization of a sample. 
The chemical ionization method imparts considerably less energy to the sam- 
ple molecules than does electron impact. Consequently, fragmentation is 
minimized and there is a much greater probability of the molecular ion re- 
maining intact for subsequent analysis. 

A third ionization method that is receiving considerable interest is fast 
atom bombardment. This technique involves bombarding the sample with a 
stream of high-energy ions or atoms, Argon and xenon are common bom- 


. Separation and Detection 


The magnetic sector is the oldest and still one of the most widely used 
types of instrumentation for Separating ions of different masses. Once the 
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ions are formed, they are accelerated into the evacuated magnetic portion of 
the instrument. As the ions pass through the magnetic field, they are de- 
flected in proportion to their velocity, charge, and mass. If we simplify our 
picture by assuming that all ions possess a single positive charge and have the 
same velocity as they enter the magnetic field, then we find that the amount 
of deflection is inversely proportional to the mass of each fragment. The 
lighter fragments are deflected more than the heavier fragments. The ions 
ultimately reach an ion collector, where they are detected. An electronic sig- 
nal is generated by the collector and amplified before it is recorded. Fre- 
quently the data go directly into an on-line computer which generates the 
mass spectrum in digital or bar graph form. 

A magnetic sector mass spectrometer scans a sample by varying either 
the magnetic field or the ion velocity. Spectra record the mass to charge ratio 
(m/z) against relative intensity; the abundance of a particular fragment. The 
most intense (highest) peak, called the base peak, is the standard against 
which the other peaks are measured. The base peak is arbitrarily assigned a 
relative intensity value of 100. Modern mass spectrometers with an associated 
computer data system can provide a normalized, fully drawn spectrum or a 
listing of m/z and relative intensity values. Figure A-48 illustrates a mass spec- 
trometer with an electron impact ionization chamber and a magnetic sector 
analyzer. 

A newer and simpler type of instrumentation for separating the ions is 
the quadrupole mass analyzer. The mass separator component consists of 
four rods that generate an oscillating electric field. Ions generated in the ioni- 
zation chamber are fed into the evacuated space between the rods. As the 
ions proceed down the flight path, only those with one particular m/z will 
resonate with the quadrupole frequency. АП others will be “out of resonance" 
and will have unstable trajectories. They will not be focused on the detector. 

In addition to being a simpler instrument, the quadrupole mass separa- 
tor does not require the very low pressures (very high vacuum) needed for 


FIGURE A-48 
Diagram of a mass spectrometer with an electron impact ionization chamber and 


а magnetic sector analyzer. 
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FIGURE A-49 
Diagram of a 
quadrupole 
mass analyzer. 


PROBLEM 
А-15 


Топ collector 


Ion source 


magnetic sector separation. It also accomplishes separation considerably 
faster. Its major limitation is that separation of ions (resolution) decreases 
markedly at molecular weights greater than 1000. A quadrupole mass ana- 
lyzer is depicted in Fig. А-49. 


. Molecular Weights and Formulas 


А chemist normally has some idea of the kinds of compounds that will 
result from a particular chemical reaction. Analysis is often the relatively rou- 
tine process of matching physical properties of spectral data with those of 
known materials. However, structural elucidation of new compounds re- 
quires that a precise molecular formula and associated molecular weight be 
determined. 

One of the oldest methods for determining the empirical formula of a 
compound is combustion analysis of a few milligrams of pure sample. A 
hydrocarbon, for example, on complete combustion with oxygen, produces 
water and carbon dioxide. The products can be weighed and related to the 
original sample weight to provide the percentage composition of carbon and 
hydrogen in the compound. Typical analyses are precise to 0.2%. Elemental 
analysis for other atoms is accomplished by similar methods. 


Each of the following compounds was analyzed by the combustion 
process. Calculate the empirical formula in each case using the data. 
listed below. 


Compound Carbon, % Hydrogen, % Nitrogen, 96 Oxygen, % Others, % 


a ў 0.0 
b 0.0 
c д А Й 0.0 Вг = 53.7 
а 


* Present but not measured. 


=" 


PROBLEM 


A-16 
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Combustion analysis provides an empirical formula but not necessarily a 
molecular formula. Mass spectrometry is the easiest method for determining 
molecular weight. Molecular ions that do not react further lead to a peak on 
the mass spectrum with a m/z value corresponding to the molecular weight of 
the sample. The molecular ion peak М* is often the most intense peak of the 
group of peaks at the high m/z position of the spectrum. Even the simplest 
mass spectrometer is capable of providing an integral molecular weight and 
thus confirming the empirical and molecular formula data obtained from com- 
bustion analysis. 


Mass spectroscopic analysis of the compounds in Prob. A-15 showed 
that the molecular weights of the unknown compounds are a = 184, 


b = 138, c = 149, and d = 166. Use these data to determine if the molec- 
ular formula corresponds to the empirical formula. Indicate the proper 
molecular formula in each case. 


A small peak is normally found at one mass unit higher than the molecu- 
lar ion in the mass spectra of typical organic compounds. The so-called M + 1 
peak is due to the natural abundance (1.1%) of the °C isotope of carbon (Fig. 
A-50a). The molecular ion from a simple hydrocarbon with n carbon atoms 
will have an M + 1 isotope peak with intensity that is и X 0.011 as large as M. 
The probability of finding two °C atoms in a typical molecule is so low that 
M + 2 peaks due to the carbon isotope are usually not important. 
Compounds that contain bromine or chlorine atoms exhibit large isotope 
peaks in their mass spectra. Chlorine exists as a mixture of 75% °С] апа 25% 
"Cl. Bromine is approximately a 1:1 mixture of "Br and "Br. Mass spectra 
involving those halogen atoms will therefore possess significant M + 2 peaks 
(Fig. A-50b). Isotope peaks are often important in determining molecular for- 
mulas and structural characteristics of an unknown compound. 


FIGURE A-50 
Line-drawing 
Mass spectral 
representations 
of the molecular 
ion and associ- 
ated isotope 
peaks of 

(а) methane and 


(b) bromoethane. 


“сн, 


с,н,7вг С2Н5 "В" 
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Molecular weight is one important kind of information that an organic 
chemist derives from a mass spectrum. In some cases, however, the molecu- 
lar ion peak may not be obvious. Certain molecules do not exhibit such a peak 
under routine mass spectral analysis because the ion fragments completely 
before it can be detected. This commonly occurs when the molecular ion is 
generated by electron impact. The peak can be detected in some cases if the 
electron ionization voltage is lowered. Less energy is imparted to the molecu- 
lar ion, so that fragmentation decreases and the molecular ion peak becomes 
relatively more intense. 

High-resolution magnetic sector mass spectrometers are capable of re- 
solving mass differences as small as 1 part in 10°. Molecular weights deter- 
mined in this way are sufficiently precise that a molecular formula can often 
be determined. Carbon dioxide, nitrogen, and ethylene, for example, have 
integral masses of 28. They are detected individually because their exact 
masses (27.9949, 28.0061, and 28.0313, respectively) are slightly different. 

When more than one significant peak is located in the m/z region ex- 
pected for the molecular ion, a choice can often be made if we remember that 
compounds which contain only C and H or only C, H, and O must have an 
even molecular weight. If an even number of nitrogen atoms is present, the 
molecular weight is also even, whereas an odd number of nitrogen atoms 
requires an odd molecular weight. An understanding of bonding and molecu- 
lar structure allows us to discard unreasonable values. 


. Fragmentation of Hydrocarbons 


Fragmentation patterns in the mass spectra of organic compounds paral- 
lel closely the bond-breaking processes of their chemical reactions. In many 
respects fragmentations can be regarded as chemical reactions originating 
from high-energy cations. The interpretation of these mass spectral fragmen- 
tation patterns is an important part of structural elucidation. 

The tendency for the molecular ion to fragment is a result of the energy 
imparted to the original molecule during the ionization process. Organic com- 


excess energy is dissipated is through bond cleavage. Fragmentation of the 
molecular ion can often be quite extensive. 

Consider the 70 eV mass spectra of the saturated isomeric C; hydrocar- 
bons nonane (Fig. A-51a) and 3-3-dimethylheptane (Fig. A-51b). We see that: 


1 No molecular ion peak is observed in the spectrum of the branched hydro- 
carbon. 

2 The most abundant peaks correlate with Сз to Cs fragments. 

3 Peaks come in groups which differ by 14 m/z units. 
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FIGURE A-51 
Mass spectra of 
(а) nonane and 


(b) 3,3-dimethyl- 


heptane. 
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(b) 
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The initially formed radical cations from saturated hydrocarbons tend to 
undergo rather random fragmentation. This produces a series of fragments 
and associated mass spectral peaks that differ by a —CH,— group, i.e., 
m/z = 14. The most stable of these cations аге СН; (m/z = 29), СзН; (m/z = 
43), СН» (m/z = 57), and СН; (m/z = 71). The higher-molecular-weight 
homologous fragments tend to cleave to these smaller species. 

The lifetime of the molecular ion from 3,3-dimethylheptane is too short 
(less than a microsecond) to allow acceleration and detection by the spectrom- 
eter. The ion rapidly cleaves to produce lower-molecular-weight tertiary and 
secondary cations. In fact, carbocation stability is directly related to the frag- 
mentation patterns of many organic molecules. The following equations illus- 
trate the proposed origin of some of the higher m/z peaks in the spectrum of 
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3,3-dimethylheptane. (Recall that only the positive ions are commonly de- 
tected.) 
hen =| 
CH,CH,CCH,CH,CH,CH, 


CH, 


m/z = 128 


CH; 
‘CH, + CH,CH,CCH,CH,CH,CH, CHCH, · + «ање снн, 
CH, CH, 
m/z = 113 m/z = 99 
CH, 
сн,сн,с+ + ' CH;CH,CH,CH, 
н, 
m/z = 71 


The more abundant smaller fragments are believed to arise from further rapid 
elimination-fragmentation of the initially formed cations. 


CH, 
“©снуснусңусн, —> CH,CH=CH, + +CH,CH,CH,CH, 
CH, 
m/z = 99 m/z = 57 
P 
CH,CH,C* — CH,—CH, + CH,CHCH, 
CH, 
m/zz71 m/z = 43 


Y 
CH;CH,CCH,CH,CH,CH, — > CH;CHi + CH,CH=CHCH,CH,CH, 
CH, 
m/z = 113 m/z = 29 


CH,CHCH, —> CHE +H, 


m/z = 43 m/z = 41 
CH,CHj — CGH} + H, 
m/z = 29 m/z = 27 


Cleavage of the linear hydrocarbon nonane (Fig. А-514) leads to a pri- 
mary carbocation which cannot teadily cleave to form more stable secondary 
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PROBLEM The mlz and relative intensity values for the mass spectrum of methane 
A-17 are listed below. Write equations to show formation of all the frag- 
ments observed, and account for their relative intensities. 


Relative 


PROBLEM Mass spectra for three of the isomeric octanes are reproduced below 
A-18 (Fig. A-52, p. 1128). Assign one spectrum each to octane, 2-methyl- 


heptane, and 2,2,4-trimethylpentane. 


The radical cations from aromatic hydrocarbons tend to be longer-lived 
than those of other hydrocarbons, so that a molecular ion almost always is 
observed. Fragmentation leads to benzylic cations as the most abundant 
(base) peak. Thus a straight-chain alkyl aromatic usually shows a predomi- 
nant peak at m/z = 91 for CsH;CH2* or the isomeric tropylium ion (Sec. 
7-4C), while branched alkyl aromatics have a major peak for the correspond- 
ing substituted benzylic radical cation. The spectrum of propylbenzene (Fig. 


A-53, p. 1129) is typical. 


E. The Influence of Heteroatoms 


Carbon-carbon bonds next to a heteroatom readily cleave during mass 
spectral analysis. Because the heteroatom can usually stabilize a positive 
charge more effectively than can a carbon atom, the charged fragment gener- 
ally contains the heteroatom. 

CH,: + [O=C(CH,),CH, < O=C(CH,),CH,] 
m/z = 113 


о + 
| 
[м к 
2-Octanone 


molecular ion 
m/z — 128 


[CH,C=O —— CH,C=6] + -CH,(CH,),CH, 
m/z = 43 
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Prob. A-18. 


FIGURE A-52 
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Relative intensity 


Alcohols readily lose water from their molecular ions. A prominent peak 18 
miz units below that of the molecular ion is typical. 


CH,CH,CH,CH, · + [CH,—OH «— CH,—-ÓH] 
P m/z = 31 
[CH,CH,CH,CH,CH,OH]+ 
1-Pentanol molecular 
ion 
m/z = 88 
H,O + [CH,CH;CH,CH—CH;]* 


m/z = 70 


The mass spectra of 2-octanone (Fig. А-54, p. 1130) and 1-pentanol (Fig. 
А-55, p. 1130) are illustrative. 

Many of the peaks observed in the mass spectra of organic compounds 
possess an odd m/z value, since they originate in the loss of a free-radical 
fragment with an odd molecular weight. However, compounds containing a 
hydrogen atom at the position gamma to a carbonyl group almost always 
show a relatively intense peak with an even m/z value. This has been shown 
to be due to a rearrangement-fragmentation accompanied by loss of a neutral 
molecule. This so-called McLafferty rearrangement involves migration of a 
y-hydrogen to the carbonyl oxygen atom. It is an intramolecular elimination. 
The base peak in the mass spectrum of butanal (Fig. A-56, p. 1131) is the 
result of fragmentation by such a process. 


HH н К E ai 
+ 


wae 
H^ DE —> l Jm S. 
Bee tone ea ne 
ВАН 


m/z =72 m/z = 44 
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FIGURE A-54 100 
Mass spectrum id 
of 2-octanone. 
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FIGURE A-55 100 — 
Mass spectrum 
of 1-pentanol. 
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the structural elucidation of high-molecular-weight natural products. 
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FIGURE A-56 
Mass spectrum 
of butanal. 


PROBLEM 


А-19 


PROBLEM 


A-20 


e 
© 


Relative intensity 


a Show how the mass spectral peaks originate by a McLafferty rear- 
rangement in each of the following types of compounds: (i) 
methylketones, m/z = 58; (ii) methyl esters, m/z = 74; and (iii) ethyl 
esters, m/z — 88. 


b Why does the McLafferty rearrangement lead to an odd-value peak 
(m/z = 59) when ап amide fragments? 


Account for the major peaks in the mass spectrum of each of the follow- 
ing compounds. (Peaks are listed in order of decreasing intensity.) 


a 3-Methyl-4-phenyl-2-butanone 
mlz:91 > 43 > 147 > 162 


b Methyl 5-dimethylaminopentanoate 
mlz: 74 > 58 > 59 > 128 > 159 


‚ Other Mass Spectral Methods 


One of the modern analytical methods used by chemists is the combina- 
tion of a gas chromatograph to separate product mixtures and a mass spec- 
trometer to analyze each separated component. A crude mixture can often be 
analyzed in a few minutes using such "GC-MS" instrumentation. 

An even newer method is "MS-MS." In this technique mixtures are first 
separated into their components by mass spectral instrumentation designed 
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PROBLEM 


A-21 


so as not to fragment the materials. They are separated by molecular weight. 
Then the individual components are fed into a second mass spectrometer that 
accomplishes fragmentation and final analysis. These types of procedures 
make mass spectrometry one of the most powerful analytical tools currently 
available to the chemist. 


Negative ions (gas phase anions) also can be formed and detected in a 
mass spectrometer. The experiment is so designed that the sample mol- 
ecules gain an electron, and acceleration is then accomplished by re- 
versing the usual instrument polarity. When 3,4-diethylnitrobenzene is 
treated under these conditions, a major anion fragment peak appearing 
at m/z — 164 represents loss of a methyl group. 


a Is the loss of methyl more likely to be from the 3- or the 4-ethyl 
substituent? 


b How could deuterium labeling be used to confirm the point of frag- 
mentation? 


Spectroscopic Solution of Structural Problems 


Spectral methods considered in the preceding sections can provide suffi- 
cient data for determination of the structure of most organic compounds. Let 
us summarize the kinds of information each technique provides. 


1 A mass spectrum and elemental analysis provide molecular formula and 
weight. The formula defines limits on the number and kinds of functional 
groups. A calculated index of hydrogen deficiency (IHD—Sec. 2-20) pro- 
vides the number of multiple bonds plus rings. 

2 The infrared spectrum reveals the presence (or absence) of functional 

Oups. 

3 А 'H-NMR spectrum indicates the environment of hydrogen atoms in the 
molecule, and consequently provides some indication of the molecular 
skeleton. 

4 The “C-NMR spectrum gives a more complete picture of the carbon skele- 
ton. 

5 Mass spectral fragmentation patterns can provide clues to and often con- 
firm the major structural features of the compound. 

6 A UV spectrum may provide structural information for unsaturated com- 
pounds. 


Data of the preceding kinds are used to build up a picture of the molecu- 
lar structure. To ensure rigor in the deductive process, it is important to pro- 
ceed stepwise by some regular pattern. At each step new deductions must be 
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checked against previous conclusions as a consistent picture is developed. 
Partial structures built up at each step usually provide the logical pathway to 
a final conclusion. In some cases a unique solution will not be attained and 
further data may be required. 

Physical properties and chemical reactivity will normally also enter into 
the process of structure elucidation. However, spectral data alone, particu- 
larly NMR and IR, can often provide an answer. The following three exam- 
ples will illustrate problem-solving approaches using only spectral data. 
Structural problems within the main body of the text (marked with an as- 
terisk *) also include chemical data. 


Example 1 

A pure liquid sample was found to have a molecular formula of СеН12О 
by elemental and mass spectral analysis. The IR and !H-NMR spectra are 
reproduced in Fig. A-57, p. 1134. 

The molecular formula indicates an index of hydrogen deficiency of1. А 
double bond or ring must be part of the structure. The strong IR absorption at 
1710 стг! is indicative of a carbonyl group, probably an aldehyde or ketone. 
A carbonyl group will account for the index of hydrogen deficiency as well as 
the oxygen atom of the molecular formula. 

The H-NMR spectrum shows two kinds of protons in the ratio of 3:1. 
From the molecular formula we know that this corresponds to 9:3 hydrogen 
atoms. Furthermore, the two NMR peaks are singlets. Therefore, the nuclei 
do not split each other; they are not on adjacent carbon atoms. Nine equiva- 
lent protons with a chemical shift typical of alkanes can be accounted for by a 
tertiary butyl group, and the three equivalent protons deshielded somewhat 
are consistent with a methyl group next to the carbonyl. The compound is 
3,3-dimethyl-2-butanone. 


о 
l 
CH,CC(CHj) 


Example 2 

A compound, C;H;50;, has the IR and !H-NMR spectra shown in Fig. 
A-58, p. 1135. The UV spectrum shows a weak absorption; Amax275 (e = 25, 
ethanol). 

The IHD is calculated to be 2. A peak at about 1730 стг! in the IR 
spectrum is indicative of a carbonyl group and accounts for one index of 
hydrogen deficiency unit. А ‘H-NMR singlet at 2.1 ppm with an area of 3 is 
characteristic of a methyl attached to a carbonyl group. The UV data is con- 
sistent with a ketone. 

The NMR pattern of a triplet and quartet, representing three and two 
hydrogen atoms, respectively, indicates an ethyl group (СНзСН›—). The 
deshielded quartet suggests that the methylene (—CH»—) of the ethyl group 
is probably attached to an electron-withdrawing group, an oxygen atom in 
this compound. Recall that a methylene next to a carbonyl group is 


deshielded to only about 2.5 ppm. The IR absorption near 1200 cm ' is also 
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FIGURE А-57 
Spectral data for example 1. 
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consistent with a C—O stretching frequency. We thus have two of the possi- 
ble structural units for the unknown compound. 


CH,C— and CH,CH,O— 


The complex multiplet centered at 2.5 ppm in the *H-NMR spectrum 
indicates that four protons relatively similar in chemical shift are splitting 
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FIGURE A-58 
Spectral data for example 2. 
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each other in a non-first-order manner. Our knowledge of organic structure 
suggests that the four protons are on two adjacent methylene groups 
(—CH,CH,—). Three potential structural units are now implicated. 


CH,C— and  CH,CH,O— and —СН,СН,— 
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The three pieces fall short of the molecular formula by one carbon and 
one oxygen atom. We must also account for one more index of hydrogen 
deficiency unit. If the three structural units proposed above are correct, only 
another carbonyl group can complete the structure. Placing the two methyl- 
ene groups between the two carbonyl groups will account for the !H-NMR 
four-proton multiplet. The second carbonyl must be part of an ester func- 
tional group if a reasonable structure is to be developed. The compound is 
therefore postulated to be ethyl 3-acetylpropanoate (ethyl 4-oxopentanoate). 
If “C-NMR data had been available, the ketone and ester carbonyls would 
have been obvious, since there would have been resonance peaks in the re- 
gions of 200 ppm and 175 ppm, respectively. 


7 7 
CH,C—CH,CH,—C—OCH,CH, 


Example 3 

The IR, "H-NMR and "C-NMR, and mass spectra of a hydrocarbon are 
recorded in Fig. A-59, pp. 1137-1138. Combustion analysis provided an em- 
pirical formula of C3H4. 

The first question we ask is whether the empirical formula is the molecu- 
lar formula. The mass spectrum provides an answer, since the molecular ion 
of m/z — 120 corresponds to СН». The IHD calculated for this compound is 
4. The IR spectrum shows the apparent absence of any common functional 
groups. A peak at 7.1 ppm in the ‘H-NMR spectrum is most useful, for it 
indicates the presence of an aromatic ting. This structural unit accounts for 
the index of hydrogen deficiency. The peak area of 5 suggests a 
monosubstituted benzene ring, a conclusion that is further supported by the 
two peaks between 600 and 800 стт! in the IR spectrum. A monosubstituted 
benzene ring therefore accounts for СН» in the molecular formula. 

The C-NMR spectrum confirms aromatic carbons and also shows 
peaks that suggest two different kinds of aliphatic carbon atoms. The remain- 
ing C3H; portion of the molecular formula is represented by two kinds of 
protons in the ‘H-NMR spectrum. The doublet of six protons at 1.2 ppm is 
almost certainly due to two equivalent methyl groups adjacent to a single 
proton—an isopropyl group. This is also consistent with the C-NMR data. 
The single proton at 2.8 ppm in the ‘H-NMR spectrum for the isopropyl 
group is split into a multiplet of seven peaks (a heptet) and is deshielded by 
its proximity to the benzene ring. The hydrocarbon is isopropylbenzene. This 
example includes more data than would be necessary to identify the com- 
pound. However it does illustrate how a variety of different information can 


be used. 
(prance, 
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FIGURE A-59 
Spectral data for example 3. 
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Supplementary Problems 


Propose a structure for each of the following compounds based upon spectral charac- 

teristics. 

a A hydrocarbon showing a molecular ion at m/z — 102, resonance peaks in the 
1H-NMR at 7.4 (s, 5)* and 3.1 (s, 1) ppm, and characteristic IR absorptions at 
2210 ст! (4.5 um) and 3310 ст”! (3.0 um). 

b A liquid, bp 82°C, with molecular weight of 60, a characteristic strong, broad IR 
absorption at 3300 ст”! (3.0 шт), and H-NMR peaks at 1.1 (d, 6), 3.9 (heptet, 1), 
and 4.8 (5, 1) ppm, and C-NMR peaks at 25 and 63 ppm. 

c An iodoalkane, bp 72°C, with ‘H-NMR peaks at 1.8 (t, 3) and 3.2 (q, 2) ppm. 

d A hydrocarbon, bp 41°С, with a characteristic IR absorption at 1640 cm ^! (6.1m) 
and 'H-NMR peaks at 1.0 (s, 9), 4.9 (m, 2), and 5.7 (m, 1) ppm. 

The C-NMR spectra of 1,2- and 1,3-dichlorobenzene are shown in Fig. A-60, p. 1140. 

Match each compound to a spectrum. 

Identify the hydrocarbon, CsHio, which gives the 1H-NMR spectrum shown in Fig. 

A-61, p. 1141. 

Each spectrum in Fig. A-62, pp. 1142-1145 fits only one of the compounds whose 

structural formulas are listed below. Correlate a compound with a spectrum and indi- 

cate the basis for your assignments. 


он 
(CH,),CHCH,CH,OH (сн;),СнСнс=Сн 
А B 
CH,(CH,);CH, CH,CH,C=N 
c D 
QH 
CH,CO,C,H, CH,=CHCHCH,CH,CH, 
Е Е 
(CH,),NCHO CH,CH,CO,CH, 
G H 


Identify the haloalkene, C3HsCl,, whose 1H-NMR spectrum is reproduced in Fig. 
A-63, p. 1146. 

Suggest a structure for the compound, CsH7NO,, whose IR and "H-NMR spectra аге 
reproduced in Fig. A-64, p. 1147. 

Suggest a structure for the compound, СәНзоО, whose IR and 'Н-ММЕ spectra are 
reproduced in Fig. A-65, p. 1148. 

Discuss the chemical shift positions for the C-NMR spectrum of N-butyl-2-aminoeth- 
anol, Fig. A-66, p. 1149. 


* The data in parentheses following the NMR chemical shift are the peak multiplicities and the 
relative number of hydrogen atoms. 
t A complex multiplet is designated by m. 
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FIGURE A-60 И ee en Ec р ED a 
13C-NMR spectra 
for Prob. A-23. 
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FIGURE А-61 
!H-NMR spectrum 
for Prob. A-24. 
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FIGURE A-62 100, 
Spectral data for 
Prob. А-25. 


(a) 


Relative intensity 
5 


20 30 40 50 60 70 80 90 100 110 120 130 


(b) 


190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 б-ррт 


А-7 Supplementary Problems 1143 


FIGURE A-62 (Continued) 
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FIGURE A-62 500 400 300 200 100 0Hz 
(Continued) 
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FIGURE A-63 500 400 
!H-NMR spectrum 
for Prob. A-26. 
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FIGURE А-64 500 400 300 200 100 0 Hz 
IR and ‘H-NMR 
spectra for Prob. 
A-27. 
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FIGURE A-65 500 400 300 200 100 0Hz 
IR and 'H-NMR 

spectra for Prob. 

А-28. 
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FIGURE A-66 
13С-ММЕ spec- 
trum of N-butyl- 
2-aminoethanol 
(Prob. A-29). 
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Propose a structure for each of the following compounds based upon spectral charac- 

teristics. 

a A fishy-smelling liquid with elemental analysis of C = 68.93%, H = 15.04%, and 
N = 16.08%. The infrared spectrum has a characteristic weak double peak at 
3300 стг! (3.0 um), and the ‘H-NMR shows resonance peaks at 0.8 (s, 9), 1.1 (s, 2), 
and 2.3 (s, 2) ppm. 

b A hydrocarbon, CsHio, with H-NMR peaks at 1.4 (m, 2), 2.0 (т, 2), and 5.6 (broad, 
1) ppm and PC-NMR peaks at 22, 25, and 127 ppm. 

с A solid with molecular ion at 206 whose IR spectrum has a broad absorption from 
3300 to 2900 ст”! (3.0 to 3.5 um) as well as characteristic bands at 1730 ст”! 
(5.78 шт) and 1710 ст”! (5.8 um). The "H-NMR has peaks at 1.0 (d, 3), 2.1 (т, 3), 
3.6 (s, 2), 7.3 (s, 5), and 11.2 (s, 1). 

d A liquid, CsH;NO;, with characteristic IR absorptions at 2240 ст”! (4.5m) and 
1730 ст”! (5.8 um) and 'H-NMR peaks at 2.7 (s, 4) an 3.8 (s, 3) ppm. Explain the fact 
that the NMR peak at 2.7 ppm, which accounts for four protons, is a singlet. 


Discuss how !H-NMR spectra could be used to distinguish the following isomers. 


Br Br Br 


A high-boiling-point organohalogen shows mass spectral ion peaks at m/z 154 and 156 
with relative intensities of 3:1. The IR has a characteristic absorption at 1695 ст! 
(5.9 um). Figure A-67, p. 1150, reproduces the 'H-NMR spectrum. 


Two isomers A and B that have the molecular formula CgH;;O give the IR and 1H- 
NMR spectra reproduced in Figs. A-68, p. 1151, and A-69, p. 1152, respectively. Iden- 
tify each isomer. 


Suggest a structure for the compound, СНО», whose IR, "H-NMR, and 13C-NMR 
spectra are reproduced in Fig. A-70, p. 1153. 
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FIGURE A-67 500 400 300 200 100 0Hz 
‘H-NMR spectrum 
for Prob. A-32. 
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A-35 Match each of the following compounds to one of the "C-NMR spectra of Fig. A-71, 
pp. 1155-1156. 


CH,CN CL,CHCH;CI 
А р 


CH,CH,CO,H сн, 
| 
C CH,CH,CHCH,CH, 


E 


ex C 


А-7 Supplementary Problems 1151 


FIGURE A-68 500 400 300 200 100 0 Hz 
IR and !H-NMR 
spectra for com- 
pound A, Prob. 
A-33. 
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FIGURE A-69 

IR and !H-NMR 
spectra for com- 
pound B, Prob. 
A-33. 
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FIGURE A-70 500 100 оњ 
IR, 'H-NMR, and 
I C-NMR spectra 
for Prob. A-34. 
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FIGURE A-70 
(Continued) 
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FIGURE А-71 
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Appendix: Spectroscopic Methods 
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INDEX 


Abbreviations for groups, 87 
Absolute configuration, 167, see also Configura- 
tion 
Acetaldehyde, 81, see also Ethanal 
!H-NMR spectrum, 1083 
reaction with formaldehyde (aldol reaction), 
408 


reaction with base (aldol reaction), 404 
synthesis, 537, 557 
synthesis by Wacker process, 562 
Acetals, 226 
mechanism of formation, 227 
as protecting groups, 366 
Acetamide, 86, 254, see also Ethanamide 
synthesis, 284 
Acetamidinium ion, pKa, 101 
Acetanilide, 
reaction with bromine (bromination), 644 
reaction with nitric acid (nitration), 623 
Acetate, resonance structures, 189 
Acetate cation, 
pK, 101 
Acetic acid, 84, 95, 112, see also Ethanoic acid 
!H-NMR spectrum, 1083 
acidity, 95 
dielectric constant, 338 
dissociation in various solvents, 103 
industrial synthesis, 562 
pH, 95 
pK, 96, 100, 184 
reaction with ethanol (esterification), 271 
reaction with thionyl chloride, 287 
resonance structures, 192 
synthesis, 562, 931 
Acetic anhydride, 85, see also Ethanoic anhy- 
dride 
reaction with 2-methyl-2-propanol (esterifica- 
tion), 274 
reaction with hydrogen sulfide, 282 
synthesis, 289 
Acetoacetic ester, 422, see also Ethyl acetoac- 
etate 
Acetoacetyl coenzyme A, biosynthesis, 417 
Acetogenins, 864 
‘Acetone, 81, 214, see also 2-Propanone 
13С-ММЕ spectrum, 1073 


photodecomposition, 913 


pK, 99 
reaction with base (aldol reaction), 405 


Acetone (Cont.): 

reaction with benzaldehyde (aldol reaction), 
407 

reaction with citral (aldol reaction), 408 

reaction with ethyl acetate (enolate conden- 
sation), 416 

reaction with phenol (hydroxyalkylation), 
658 


synthesis, 553 
UV spectrum, 1114 
Acetone cation, pKa, 101 
Acetone ketyl, 1030 
a-p-Acetone, 403, see also 1-Deuterio-2- 
propanone 
Acetonitrile, 86, 254, see also Ethanenitrile 
13С-ММЕ spectrum, 1156 
dielectric constant, 338 
РК», 99, 100 
Acetophenone, 81, see also 1-Phenylethanone 
PC-NMR spectrum, 512 
haloform reaction, 436 
reaction with peroxytrifluoroacetic acid (rear- 
rangement), 989 


reaction with zinc amalgam (reduction), 657 
synthesis, 537 
‘Acetophenone oxime, reaction with acid (rear- 
rangement), 987 
Acetophenone phenylhydrazone, synthesis, 
249 


Acetyl acetone, 422, see also 2,4-Pentanedione 
Acetyl chloride, 85, 274, see also Ethanoyl chlo- 
tide 
reaction with methanethiol, 282 
reaction with water (hydrolysis), 276 
synthesis, 287 
Acetyl coenzyme A, 
as acylating agent, 282 
in terpene biosynthesis, 870 


Acetylcholinesterase, 307 
2-Acetylcyclohexanone, 
reaction with base (reverse Claisen), 419 
Acetylene, 14, see also Ethyne 
as raw material, 557 
industrial synthesis, 501 
pK, 99 


Acetylene (Cont.): 
reaction with hydrogen chloride (addition), 


535 
reaction with sodium amide (substitution), 
388 


reaction with water (hydration), 537 
physical properties, 65 

Acetylenes, 499, see also Alkynes 
definition, 64 


Acetylides, synthesis, 388 
4-Acetyl-5-oxohexanenitrile, synthesis, 584 
4-Acetylphenol, "H-NMR spectrum, 211 
3-Acetylpropanoate, 
'H-NMR spectrum, 1135 
IR spectrum, 1135 
2-Acetylpyrrole, synthesis, 714 
Acetylsalicylic acid, 886 
2-Acetylthiophene, synthesis, 713 
Acid anhydrides, see Anhydrides 
Acid halides, see Acyl halides 
Acidity, 
and hydrogen bonding, 186 
and inductive effects, 184 
and orbital character, 705 
and relative energies, 184 
and resonance effects, 188, 198 
and solvent effects, 187 
and steric effects, 187 
phase, 188 
of amino acids, 820 
of dicarboxylic acids, 186 
of ester oxygen atoms, 273 
of strong and weak acids, 98 
table of, 99 
Acids, 94 
Z-Aconitic acid, 492 
Acrolein, reaction with cyclopentadiene 
(Diels-Alder reaction), 589, see also 
Propenal 
Acrylic acid, see Propenoic acid 
Acrylic fibers, 969 
Acrylonitrile, 556, see also Propenenitrile 
electroreduction, 1051 
reaction with 2,4-pentanedione (conjugate 
addition), 584 Qs 
Activating groups, in electrophilic aromatic 
substitution, 624 
Activation energy (АС?), definition, 123 
Active methylene compounds, 422 
table, 422 
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Active site, of enzymes, 845 
Acyclic hydrocarbons, definition, 49 
Acyl azides, Curtius rearrangement, 986 
Acyl chlorides, synthesis by exchange, 288 
Acyl halides, 83, 266, 286 
as dehydrating agents, 289 
mechanism of formation, 287 
nomenclature, 83 
Preparation, 286 
reaction with organometallic reagents, 298 
reaction with water (hydrolysis), 276 
Acylation, 267 
of aromatic compounds, 651 
of nucleophiles, 349 
Acyloin reaction, 935 
Acyloins, 436 
Acylonitrile, polymerization, 954 
1,2-Addition, to conjugated dienes, 577 
1,4-Addition, to conjugated dienes, 577 
Addition, electrophilic, bimolecular, (AdE2), 
519 
Addition polymerization, 952 
Addition reactions, 106 
(AdE2), see Addition, electrophilic, bimolecular 
Adenine, 703, 796 
Adenosine, 796 
synthesis, 797 
Adenosine diphosphate (ADP), 306, 798 
Adenosine monophosphate (AMP), 798 
Adenosine triphosphate (ATP), 306, 371, 798 
and energy transfer, 306 
S-Adenosylhomocysteine, 371 
S-Adenosylmethionine, 371 
Adipic acid, polymerization with 
meth) 


hexamethy ine, 967, see also 
Hexanedioic acid 

Adiponitrile, synthesis, 1051, see also 
Hexanedinitrile 


Aglycone, definition, 782 
Alanine, 251, 373, see also 2-Aminopropanoic 
acid 
physical properties, 813 
pl, 819 
pK, 819 
reaction with benzyl chloroformate, 833 
1-(+)-Alanine, configuration, 815 
1-Alanine, 816 
P-Alanine, 817 
Alanyltryosine, synthesis, 835 
Alcohols, 66 
dehydration, 364 
from hydration of alkenes, 107 
industrial preparation, 536 
methods for synthesis, 450 
nomenclature, 66 
nucleophilic addition, to carbonyl com- 
pounds, 224 
nucleophilic substitution, on carboxylic acids, 
271 


physical properties, table, 68 
primary, definition, 67 
secondary, definition, 67 
synthesis, 
by addition of water to alkenes (hydra- 
tion), 536 
by Grignard reagents, 242, 246 
by hydroboration-reduction, 542 
by organometallic reagents, 245 
by oxymercuration-reduction of alkenes, 


538 
by reduction of carbonyl compounds, 232 
by reduction of carbonyl groups, 295 
by substitution of organometallic reagents, 
386 
by substitution of water, 359 
synthesis of tertiary alcohols from alkylbo- 
ranes, 991 
tertiary, definition, 67 
Aldaric acids, 769 


Aldehydes, synthesis from alcohols by oxida- 
tion, 215 
Aldehydes, 214, see also Carbonyl compounds 
nomenclature, 79 
physical properties, table, 81 
reactivity, 218 
synthesis, 
by hydration of alkynes, 537 
by hydroformylation, 561 
by oxidation of alcohols, 215, 502, 503 
by oxidative cleavage of diols, 505 
by ozonolysis of alkenes, 552 
Alder, Kurt, and Nobel prize, 588 
Alditols, 761 
Aldohexose, definition, 759 
Aldol, dehydration, 406 
Aldol reactions, 404 
aldehyde vs. ketone reactivity, 405 
in synthesis, 407 
Aldol, see 3-Hydroxybutanal 
Aldonic acids, 769 
p-aldoses, table, 760 
Aldoximes, dehydration, 505 
Aldrin, 607 
Alicyclic hydrocarbons, definition, 49 
Aliphatic hydrocarbons, definition, 49 
Alkaloids, 75, 703 


nomenclature, 53 
physical properties, 51 
physical properties, table, 52 

Alkene stability, and regiochemistry of elimina- 

tion, 476 

Alkenes, 
addition of carbenes, 549 
addition to alkenes, 554 
anti-Markovnikov addition of hydrogen bro- 

mide, 913 

as petrochemical raw materials, 556 
as transition metal ligands, 558 
barrier to rotation, 157 
bond angles, 40 
cis-trans isomerism, 156 
definition, 59 
epoxidation, 544 
E-Z isomerism, 156 
geometrical isomerism, 156 
halogenation, 525 
heats of hydrogenation, 207 
hydration, 536 
hydroboration, 541 
hydrogenation, 549 
hy 


reaction with ozone, 552 


by dehydration, 489 


Alkoxy, use in nomenclature, 71 
-alkoxycarbonyl, use in nomenclature, 85 
Alkyl, definition, 54 

Alkylamino, use in nomenclature, 75 
Alkylammonium ion, pK,, 100 
Alkylating agents, as carcinogens, 702 


ition, 
of alkenes, 555 


Alkylation (Cont.): 
of aromatic compounds, 651 
of enolate anions, 422 
of gasoline, 50 
of nucleophiles, 349 
Alkylboranes, 541, 990 
Alkyithio, use in nomenclature, 73 
Alkynes, 499, see also Acetylenes 
as petrochemical raw materials, 556 
bond migration, 500 


hydrogenation, 551 
nomenclature, 64 


physical properties, table, 65 
synthesis, 


by dehalogenation, 499 
by dehydrohalogenation, 499 
by substitution with acetylides, 388 
Allene, synthesis, 489, see also 1, 
2-Propadiene 
Allenes, 62 
synthesis, by elimination, 489 
p-(+)-Allose, 760 
“allowed,” pericyclic reactions, 599 
Allyl alcohol, synthesis, 557, see also 2-Propen- 
15-0] 
Allyl bromide, see 3-Bromopropene 
Allyl chloride, 556, see also 3-Chloropropene 
Allyl 2,6-dimethylpheny] ether, thermal rear- 
rangement, 1005 
Allyl free radical, resonance hybrid, 192 
Allyl group, 61 
Allyl phenyl ether, thermal rearrangement, 
1004 


4-Allyl-2,6-dimethylphenol, synthesis, 1005 

Allylic cation, 578 

o-Allylphenol, synthesis, 1004 

Alpha, beta-unsaturated carbonyl compounds, 
406 


Alpha-carbanion, 398 
Alpha(a)-designation, in carbohydrates, 768 
Alpha-Eliminations, see 1,1,-Eliminations 
Alpha-hydrogen atom, 399 
D-(+)-Altrose, 760 
Alumina, as catalyst for elimination, 491 
Aluminum chloride, 103 
as catalyst in Friedel-Crafts reactions, 651 
Amadori rearrangement, 1019 
Amalgams, 657, 935 
Ambident ions, 330 
Ambident nucleophiles, 427 
American cockroach pheromone, 897 
-amide, use in nomenclature, 85 
Amides, 83, 266, 283 
as protecting group, 736 
dehydration, 505 
hydrolysis, 278 
nomenclature, 85 
reaction with water, 277 
reduction, 293 
reduction mechanism, 294 
synthesis, 
from amines and carboxylic acids, 283 
from amines and асу! halides, 283 
using N,N'-dicyclohexylcarbodiimide, 285 
Amine oxides, synthesis, 977 
Amines, 95 
as bases, 284 
basicity, order of, 187 
nomenclature, 74 
nucleophilic addition, to carbonyl com- 
pounds, 248 
nucleophilic substitution, on carboxylic acid 
a derivatives, 283 
physical properties, table, 77 
primary, definition, 74 
secondary, definition, 74 
thesis, 


synthesis, 
from alkylboranes, 991 


Amines, synthesis (Cont.): 
by reduction of nitriles, 255 
by substitution, 372 
tertiary, definition, 74 
Amino, use in nomenclature, 75 
Amino acid analysis, 
of peptides, 823 
sequenator, 825 
Amino acids, 
abbreviations and structures, table, 813 
acid-base properties, 817 
acidity, structural effects, 820 
amphoteric character, 817 
configuration, 814 
enantiomer resolution, 822 
Fischer formulas, 814 
pK, values, table, 819 
nonstandard, 816 
table, 817 
standard, 816 
table, 813 
stereochemistry, 813 
structural characteristics, 812 
synthesis, 820 
water solubility, 817 
p-Aminoacetophenone, synthesis, 656 
p-Aminobenzenesulfonamide, 304 
p-Aminobenzenesulfonic acid, reaction with 
nitrous acid (coupling), 648 
2-Aminobenzoic acid, reaction with pentyl ni- 
trite, 668 
o-Aminobenzophenone, reaction with 2-buta- 
none, 710 
y-Aminobutyric acid, 817 
6-Aminocaproic acid, see 6-Aminohexanoic 


acid 

2-Aminocyclohexanol, reaction with nitrous 
acid (rearrangement), 976 

1-(R)-2-(S)-2-Amino-1,1-diphenyl-1-propanol, 
reaction with nitrous acid (rearrange- 
ment), 979 

3-Amino-5-heptenoic acid, 82 

6-Aminohexanoic acid, 277 

polymerization, 955 

(S)-2-Amino-2-methyl-1-butanol, reaction 

with nitrous acid (rearrangement), 


979 
1-Aminomethylcyclopentanol, reaction with 
nitrous acid (rearrangement), 976 
p-Aminonitrobenzene, dipole moment, 209 
2-Aminopentanedioic acid, transamination, 
251, see also Glutamic acid 
2-Aminopentanoic acid, 83 
4-Aminopentanoic acid, conversion to lactam, 
285 
a-Aminopentanoic acid, see 2-Aminopentanoic 
acid 
p-Aminophenol, synthesis, 1050 
2-Aminopropanoic acid, see also Alanine, 
synthesis, 373 
transamination, 251 
2-Aminopyridine, 711 
3-Aminopyridine, synthesis, 984 
Ammonia, 74 
as nucleophile, 372 
bond angles, 39 
pK, 99 
Ammonium acetate, 
dehydration, 284 
synthesis, 284 
Ammonium cation, bond angles, 39 
Ammonium chloride, 74 
Ammonium cyanate, 4 
Ammonium ion, pK,, 100 
Ammonium salts, 284, 375 
dehydration, 284 
АМР, see Adenosine monophosphate 
Amphoteric character, definition, 817 
Amygdalin, 222 


a-Amylase, enzyme, 791 
B-Amylase, enzyme, 791 
Amylopectin, in starch, 791 
Amylose, in starch, 791 
B-Amyrin, 869 
Anchimeric assistance, see Neighboring group 
participation 
, 883 
Anesthetics, 367 
Angle strain, of cycloalkanes, 141 
Angular methyl groups, in steroids, 876 
Anhydride exchange, 289 
Anhydrides, 85, 266, 286, see also Acid anhy- 
drides; Carboxylic anhydrides 
as dehydrating agents, 289 
reaction with water (hydrolysis), 276 
synthesis, 288 
Aniline, 75, 77, see also Benzenamine 
basicity, 199 
diazonium salt fluorination, 671 
dipole moment, 209 


pK, 99 
reaction with acetic anhydride (acetylation), 
644 


reaction with bromine (bromination), 644 
reaction with nitrous acid, 374 
synthesis, 662, 986 
Anilines, synthesis by reduction of 
nitroaromatics, 642 
Anilinium, pKa, 100 
Anilinium benzoate, dehydration, 284 
Anionic rearrangements, 997 
p-Anisidine, see p-Methoxyaniline 
Anisole, 73, see also Methoxybenzene 
reaction with nitric acid (nitration), 640 
thesis, 363 
Annelation reactions, 738 
table, 738 
Annulation reactions, see Annelation reactions 
[14]-Annulene, 616 
[16]-Аплшепе, 616 
[18]-Annulene, and NMR ring current, 615 
Annulenes, 616 
Anode, 1043 
Anomeric carbons, 765 
Anomeric effect, 784 
Anomers, definition, 765 
Antarafacial, definition, 599 
Anthracene, 694 
oxidation, 698 
reaction with bromine (bromination), 698 
reactivity, 698 
resonance energy, 205, 698 
Anthranilic acid, see 2-Aminobenzoic acid 
9,10-Anthraquinone, synthesis, 698 
Anti, elimination stereochemistry, 479 
Anti addition, in electrophilic additions, 
524 
Anti conformation, definition of, 138 
Antiaromatic compounds, 613 
Antibonding molecular orbital, definition, 30 
Anticodon, 853 
Anti-Markovnikov addition, to alkenes, 532 
Antimony chloride, 103 у 
‘Antimony pentafluoride-fluorosulfonic acid, 
102 


Arbusov reaction, 379 
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Arenes, definition, 62. 


е, 

Physical properties, 814 

pl, 819 

РК», 819 
Arndt-Eistert synthesis, 983 
Aromatic compounds, 

as carcinogens, 700 

electrooxidation, 1055 

oxidation, 677 

reduction, 677, 936 

resonance structures, 196 

synthesis strategy, 674 
Aromatic hydrocarbons, 62 

definition, 49 

physical properties, table, 63 
Aromatic stability, 203 
Aromatic transition state, in pericyclic reac- 


molecular-orbital description, 205 
of heterocycles, 704 
Arrhenius activation energy Ea, 123 
Aryl cations, 668 
Ascorbic acid, 779, see also Vitamin C 


Asparagine, 
physical properties, 814 
pl, 819 
pK, 819 
Aspartame, 764 
sweetness, 763 
Aspartic acid, 
physical properties, 814 
pl, 819 
pK, 819 
Aspartylphenylalanylamide, synthesis, 
835 


Aspirin, see Acetylsalicylic acid 
Аз) carbon, definition, 165 
Asymmetric induction, 
during epoxidation, 545 
during hydride transfer, 238 
model for, 239 
Asymmetry, and optical activity, 164 
Atactic polymerization, 951 
Atomic orbitals, 
definition, 27 
electron probability, 27 
configuration, 29 


Atomic theory, 4 
ATP, see Adenosine triphosphate 
Autoxidation, 932 LA 
Average bond energy, def n, 
Axial bonds, of cyclohexane, 144 
‘Axis of symmetry, 164 

of conjugated system orbitals, 597 
-aza, use in nomenclature, 75 
2-Aza-2-butene, synthesis, 248 
2-Azacycloheptanone, reaction with water (hy- 

drolysis), 277 

Azacyclohexane, 75, see also Piperidine 
Azacyclopentane, see Pyrrolidine 
Azelaic acid, see Nonanedioic acid 
Azeotrope, definition, 271 
Azide, as nucleophile, 377 
Azidomethane, synthesis, 341 
Azo dyes, 648 
E-Azobenzene, photoisomerization, 1036 
Z-Azobenzene, photoisomerization, 1036 
Azobisisobutyronitrile, 

as radical initiator, 913 

thermal decomposition, 913 
Azulene, 614 

dipole moment, 614 
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Baeyer angle strain, definition, 141 
Bakelite, 961 
Barton, Derek, 
and conformational analysis, 140 
and Nobel prize, 140 
Base pairing, in DNA, 851 
Base peak in mass spectra, 1121 
Bases, 94 


solvent effects, 187 
Steric effects, 187 
rearrangement, 987 
stereochemistry, 987 
Beer-Lambert equation, 1115 
Beeswax, see Myricyl palmitate 
Benedict's reagent, 768 
Bent bonds, of cyclopropane, 149 
Benzalacetone, see 4-Phenyl-3-buten-2-one 
Benzaldehyde, 80, 81, 215, see also 
baldehyde 
from almonds, 4 
reaction with acetone (aldol reaction), 407 
reaction with cyclohexanone (aldol reaction), 
406 


reaction with ethyl bromozincacetate (Refor- 
matsky reaction), 298, 429 
reaction with hydroxide (Cannizzaro reac- 
tion), 236 
reaction with nitromethane (enolate conden- 
sation), 431 
reaction with 2-phenylethanenitrile (enolate 
condensation), 430 
reaction with propanol (aldol reaction), 407 
reaction with semicarbazide, 250 
resonance structures, 197 
synthesis, 293, 659 
Benzaldehyde semicarbazone, synthesis, 250 
Benzamidinium ion, pK,, 101 
Benzanilide, see N-Phenylbenzamide 
1,2-Benzanthracene, 701 
Benz[a]pyrene, 701 
Benzenamine, 


electron tion, 206 

heat of combustion, 205 

heat of hydrogenation, 203 

historical structures, 610 

Physical properties, 63 

pK, 99 

reaction with nitronium tetrafluoroborate (ni- 
tration), 642 


reaction with 1-bromopropane (alkylation), 
652 


reaction with acetyl chloride (acylation), 651 
reaction with carbon monoxide plus hydro- 


gen chloride, 659 
reaction with chloromethane (alkylation), 651 
reaction with formaldehyde and НСІ 
(chloromethylation), 659 


reaction with propanoyl chloride (acylation), 
pu with succinic anhydride (acylation), 
И with tert-butyl alcohol (alkylation), 
M with tert-butyl chloride (alkylation), 
ae energy, 203 

resonance structures, 196 


standards for resonance energy, 204 
synthesis, 499 


Benzene radical anion, EPR spectrum, 938 
Benzenecarbaldehyde, 80, see also Benzalde- 
hyde 
physical properties, 81 
Benzenecarboxylic acid, 


reaction with phenol (coupling), 647 
synthesis, 374 


Benzene-1,3-dicarboxylic acid, synthesis, 678 
Benzene-1,4-dicarboxylic acid, synthesis, 678 
Benzene-iodine charge-transfer complex, 629 
в Е 


pK, 101 
reaction with phosphorous pentachloride, 
303 


reaction with diazomethane (esterification), 
368 

reaction with methanol-O!^ (esterification), 
272 


reaction with nitric acid (nitration), 640 
reaction with tert-butyllithium, 300 
reaction with thallium tris-trifluoroacetate, 
672 
reduction, 682 
synthesis, 236 
Benzoic anhydride, 
reaction with lithium aluminum hydride (re- 
duction), 291 
synthesis, 289 
Benzoin condensation reaction, 436 
Benzonitrile, reaction with 1,3-butadiene 
(Diels-Alder reaction), 709 
Benzophenone, 81, see also Diphenylmethanone 
photoreduction, 1029 


Benzoquinone, as polymerization inhibitor, 953 
o-Benzoquinone, synthesis, 680 
‘Benzoquinone, 


Benzoylethylene, as Diels-Alder торе, 590 
Benzoyl -methylphenol, see 4-Hydroxy-3- 


reaction with acid (rearrangement), 976 
synthesis, 935, 1029, 1049 


reaction with carbonyl chloride, 833 
synthesis, 236, 291, 360 
Benzyl alcohol, see Phenyimethanol 
Benzyl azide, synthesis, 377 
bromide, reaction with triphenylphos- 
phine (substitution), 378 
Benzyl chloride, 
reaction with lithium aluminum hydride (re- 
duction), 384 
reaction with sodium cyanide (substitution), 
385 


reaction with sodium sulfite (substitution), 
370 


reaction with water (substitution), 360 
synthesis, 360, 659 
Benzyl chloroformate, synthesis, 833 
Benzyl cyanide 
‘H-NMR spectrum, 395 
IR spectrum, 395 
Benzyl ether, as protecting group, 736 
Benzyl group, 64 
Benzyl methyl ether, reaction with base (rear- 
rangement), 999 
Benzyl phenyl ketone, synthesis, 655 
Benzyl tosylate, reaction with sodium azide 
(substitution), 377 


synthesis, 377 
Benzylamine, 77, see also Phenylmethanamine 
2-Benzyl-2-carboethoxycyclopentanone, 
reaction with acid (reverse Claisen), 418 
reaction with base (reverse Claisen), 418 
2-Benzyl-2-carboxycyclopentanone, synthesis, 
418 
Benzylcyclopentane, synthesis, 996 
Benzyldiphenyl carbinol, synthesis, 1029 
2-Benzylhexanedioic acid, synthesis, 418 
2-Benzylidenyl-1-phenylcyclohexanol, synthesis 
strategy, 409 
Benzylmagnesium chloride, reaction with mer- 
curic chloride, 241 
2-Benzyl-2-methylcyclohexanone, synthesis, 
426 


2-Benzyl-6-methylcyclohexanone, synthesis, 
426 


3-Benzyl-3-methylpentanenitrile, reaction with 
water (hydrolysis), 279 

3-Benzyl-3-methylpentanoic acid, synthesis, 279 

Benzylmethylphenacylsulfonium bromide, reac- 
tion with base (rearrangement), 999 

Benzyltriphenylphosphonium bromide, synthe- 
sis, 378 


Benzyne mechanism, for nucleophilic aromatic 
substitution, 666 
Berg, Paul, and Nobel prize, 851 
Bergstron, Sune, and Noble prize, 885 
Berzelius, ? 
and combustion analysis, 3 
d the theory of dualism, 9 
ignation, in carbohydrates, 768 
Beta-eliminations, see 1,2-elimination 
Betaine, in Wittig reaction, 433 
Beta-pleated sheet, and protein structure, 843 
BHA, see tert-Butyl-4 methoxyphenol 
ВНТ, see 2,6-Di-tert-butyl-4-methylphenol 
Bibenzyl, synthesis, 1029 


Bicyclo[1.1.0]butane, 163 
Bicyclobutane, 163, see also Bicyclo[1.1.0]butane 
Bicyclo[4.4.0]decane, 155 
endo-Bicyclo[2.2.1]-hepta-5-ene-2,3-dicarboxylic 
anhydride, synthesis, 592 
Bicyclo[4.1.0]heptane, synthesis, 549 
Bicyclo[2.2.1]-2-heptene, 162, see also Nor- 
bornene 
synthesis, 485 
exo-Bicyclo[2.2.1]-hept-5-ene-2,3-dicarboxylic 
anhydride, synthesis, 592 
Al Bicyclo[2.2.0]hexane, synthesis, 1049 
Bicyclo[3.2.2]-1-nonene, 162 
Bicyclo[3.3.1]-1-nonene, 162 
Bicyclo[4.2.1]-6-nonene, 162 
Bicyclo[5.1.0}-2,5-octadiene, degenerate rear- 
rangement, 1018 
Bicyclo[3.2.1]octane, 152 
Bicyclo[1.1.1]pentane, 163 
Bile, 883 
Bioluminescence, 1039 
Biosynthesis, 
of fatty acids, 862 
of terpenes, 869 
Biot, and optical activity, 163 
Biphenyl, see Phenylbenzene 
Biphenyls, and asymmetry, 174 
Birch reduction, 682, 936 
Bischler-Napieralski reaction, 719 
Bisphenol A, 963, 970, see also 2,2-Di(p- 
hydroxyphenyl)propane 
Bisulfite, as ambident ion, 330 
Bisulfite addition, to carbonyl compounds, 231 
Block copolymers, 961 
Blocking groups, see Protecting groups 
Boat conformation, of cyclohexane, 142 
Bohr, Niels, 
and atomic structure, 26 
and Nobel prize, 26 
Bombykol, see E-10-Z-12-Hexadecadien-1-ol 
Bond angles, 
and electron-pair repulsions, 38 
and nonbonded repulsions, 40 
and orbital character, 37 
of benzene, 142 
Bond dipoles, 23 
Bond dissociation energy, definition, 41 
Bond energies, 41 
table of, 42 
and radical reactivity, 916 
Bond lengths, 44 
and average bond energies, table of, 44 
of benzene, 142 
table of, 44 
Bond polarity, 22 
Bonding, 
by electron attraction, 10 
early theories, 9 
electrical attraction, 9 
Bonding molecular orbital, definition, 30 
Bond-line notation, definition, 17 
Borane, 541 
Boron trifluoride, 103 
bond angles, 39 
Bradykinin, 838 
Bredt’s rule, 162 
Bridged free radicals, 929 
Bridgehead atoms, see Bicyclic compounds 
Bridgehead double bonds, 162 
Bromide, 351, see also Halides 
Bromination, 106, see also halogenation 
substituent effects, 521 
using N-bromosuccinimide (NBS), 924 
Bromine addition, 
as a test for unsaturation, 106 
to unsaturated bonds, 106 
Bromine water, for carbohydrate oxidation, 769 
p-Bromoacetanilide, synthesis, 644 
Bromoacetic acid, reaction with ethanol (esteri- 
fication), 271 


a-Bromoacetone, see 1-Bromo-2-propanone 
o-Bromoaniline, to 
diazonium salt fluorination, 671 
diazonium salt reaction with cuprous ha- 
lides, 670 


reaction with magnesium, 241 
reaction with nitric acid (nitration), 626 
p-Bromobenzene sulfonate, 982 
1-Bromo[2.2.2]bicyclooctane, 346 
1-Bromobutane, 
Grignard reaction, 243 
reaction with potassium acetate (esterifica- 
tion), 368 
reaction with sodium, 387 
synthesis, 352 
2-Bromobutane, 
reaction with base (elimination), 475 
reaction with lithium diphenylcuprate, 388 
reaction with sodium ethanethiolate (elimina- 
tion), 472 
2-Bromobutanenitrile, reaction with lithium 
borohydride-lithium hydride (reduc- 
tion), 384 
3-Bromo-2-butanol, reaction with hydrogen 
bromide (addition), 529 
2-Bromo-2-butene, radical reaction with hydro- 
gen bromide, 929 
4-Bromo-1-butene, 
1Н-ММЕ spectrum, 1088 
1H-NMR spectrum, decoupled, 1088 
1-Bromo-4-chlorobicyclo[2.2.0]hexane, 
electroreduction, 1049 
1-Bromo-3-chlorocyclobutane, reaction with 
sodium, 387 
Bromocyclohexane, reaction with lithium. 
triethylborohydride (reduction), 385 
1-Bromo-1-cyclohexylcyclohexane, reaction with 
base (elimination), 487 
1-Bromo-1-deuterio-1-phenylethane, 
electroreduction, 1047 
2-Bromo-2,3-dimethylbutane, synthesis, 357 
2-Bromo-3,3-dimethylbutane, synthesis, 357 
1-Bromo-1,2-dimethylcyclohexane, synthesis, 
533 


3-Bromo-4,4-dimethyl-2-pentanone, reaction 
with ethoxide (rearrangement), 997 
Bromoethane, 
mass spectrum, 1123 
physical properties, 78 dh 
Bromoethanoic acid, see Bromoacetic acid 
2-Bromoethylsulfonic acid, synthesis, 303 
2-Bromoheptane, stereochemistry of reaction 
with ethanol, 326 
4-Bromoheptane, reaction with base (elimina- 
tion), 487 
Bromohydrins, see Halohydrins 
1-Bromo-2-iodobenzene, synthesis, 670 
Bromomesitylene, see 1-Bromo-2,4,6-trimethyl- 
benzene 
Bromomethane, physical properties, 78 
2-Bromo-2-methylbutane, 
reaction with ethanol (elimination), 477 
reaction with ethanol (substitution), 361 
reaction with sodium ethoxide (substitution), 
363 
reaction with water (substitution), 361 
1-Bromo-2-methylpropane, 
1H-NMR spectrum, 574 
IR spectrum, 574 
Mass spectrum, 574 
reaction with methanethiol (substitution), 369 
2-Bromo-2-methylpropane, see also tert-Butyl 
ide, 


reaction with ethanol, 362 
synthesis, 352 
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a-Bromonaphthalene, synthesis, 697 
B-Bromonaphthalene, synthesis, 697 
1-Bromo-1-(2-naphthyl)butane, reaction with 
base (elimination), 487 
m-Bromonitrobenzene, synthesis, 626 
o-Bromonitrobenzene, synthesis, 626 
p-Bromonitrobenzene, synthesis, 626 
2-Bromo-4-nitrotoluene, synthesis, 643 
Bromonium ion, 526 
stability, 527 
1-Bromooctane, 
reaction with base (elimination), 486 
reaction with lithium diethylamide (substitu- 
tion), 373 
2-Bromopentane, reaction with base (elimina- 
tion), 476, 478 
2-Bromo-1-pentene, synthesis, 534 
4-Bromo-2-pentene, 77 
1-Bromo-1-phenylethane, stereochemistry of 
reaction with methanol, 326 
3-Bromo-1-phenylpropene, synthesis, 924 
2-Bromo-3-phenylpropenoic acid, synthesis, 
500 


N-Bromopropanamide, synthesis, 984 
1-Bromopropane, 
reaction with ethoxide, substitution vs. elim- 
ination, 358 
reaction with sodium acetylide (substitution), 
388 


synthesis, 353 
2-Bromopropane, 
elimination vs. substitution, 471 
Grignard reaction, 243 
reaction with base (elimination), 467 
reaction with sodium thiocyanate (substitu- 
tion), 370 
(R)2-Bromopropanoic acid, reaction with base 
(substitution), 382 
2-Bromopropanoic acid, reaction with ammonia 
(substitution), 373 
1-Bromo-2-propanol, synthesis, 530. 
1-Bromo-2-propanone, synthesis, 402 
3-Bromopropene, reaction with hydrogen bro- 
mide (addition), 532 
2-(3-Bromopropyl)-2-carboethoxycyclopen- 
tanone, reaction with acid (decarboxyla- 
tion), 421 
2-(3-Bromopropyl)cyclopentanone, synthesis, 
41 


3-Bromo-4-propylphenol, synthesis strategy, 
675 


N-Bromosuccinimide (NBS), 924 

p-Bromotoluene, synthesis, 670 

1-Bromo-2,4,6-trimethylbenzene, synthesis, 
643 


Brónsted-Lowry, see Acids; Bases 
Broslyate, see p-Bromobenzene sulfonate 
Brown, Herbert, and Nobel prize, 543 
Brucine salts (separated by fractional recrystal- 
lization), 301 
Bullvalene, degenerate rearrangement, 1018 
1,3-Butadiene, 62, 
as Diels-Alder diene, 590 
heat of hydrogenation, 207 
reaction with benzonitrile (Diels-Alder reac- 
tion), 709 
reaction with bromide (conjugate addition), 
578 


reaction with chlorine (conjugate addition), 
578 


reaction with E-dimethylbutenedioate (Diels- 
Alder reaction), 591 

reaction with ethylene (Diels-Alder reaction), 
588 


reaction with hydrogen chloride (conjugate 
addition), 578 

reaction with iron pentacarbonyl, 558 

reaction with maleic anhydride (Diels-Alder 
reaction), 589 

stabilization energy, 207 
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1,3-Butadiene (Cont.): 
syn , 498, 557 


reaction with chloride (substitution), 352 

reaction with phosphorus oxychloride (sub- 
stitution), 305 

reaction with p-toluenesulfonyl chloride, 304 


synthesis, 292, 360 
2-Butanol, 112, 536, see also sec-Butyl alcohol 
absolute configuration, 176 
enantiomers of, 165, 167 
physical properties, 68 
synthesis, 232, 242, 384 
(S)-2-Butanol, Fischer formula, 175 
2-Butanone, 112, 214 


bromide 
(conjugate addition), 587 
thesis, 406 


synthesis, 
2-Butenamide, 86 
1-Butene, 59 
catalytic dehydrogenation, 498 
heat of hydrogenation, 207 


physical properties, 60 
reaction with water Opp 536 


reaction with chlorine (addition), 525 
reaction with hy (hydrogenation), 551 
reaction with water (hydration), 536 
synthesis, 475 

cis-2-Butene, 156 

E-2-Butene, see also trans-2-Butene 


E-2-Butene (Cont.): 


oxymercuration-1 
physical properties, 60 
reaction with bromine nea 
stabilization energy, 207 
cis-2-Butene, see also Z-2-Butene dipole mo- 


ment, 156 
trans-2-Butene, see also E-2-Butene dipole mo- 
156 


wacleophile, 332 
Я DUM properties, 73, see also 
terraarion, as protecting group, 
tert-Butoxycarbonylglycine, synthesis, 834 
tert- 912 


synthesis, 368 
thermal degradation (elimination), 495 
tert-Butyl acetate, 274, see also 1,1- 
iyl ethanoate 


ZA 
Butyl acrylate, see Butyl propenoate 
ыы 
synthesis, 536 
tert-Butyl alcohol, 352, see also 2-Methyl-2- 


pK, 99 

synthesis, 536 

te-Butyl bromide, 352, же айо 2-Bromo-2 
tert-Butyl chloride, see 2-Chloro-2-methylpro- 
Butyl ethanoate, 86 


tert-Butyl group, 
НИ ether, месен, 363 
fet Butyl mei ether, synthesis, 382 
Butyl reaction with lithium 
borohydride (reduction), 292 

1-Butyl 2-oxoethanoate, , 
Di-tert-butyl peroxide, 

as radical initiator, 912 

thermal 

276 

Butyl stearate, see Butyl octadecanoate 
Butyl p-toluenesulfonate, 304 


tert-Butylamine, see 2-Methyl-2-propanamine 
N- buy Zaminoethanol, 13C-NMR spectrum, 
49 


Butylated hydroxyanisole (BHA) see tert-Butyl- 
Butylated hydroxytoluene (BHT), see 2,6-Di- 

Iphenol 
Butylbenzene, synthesis, 387 


tert-Butylbenzene, 
reaction with sulfuric acid (sulfonation), 647 


synthesis, 652, 995 
p-tert-Butylbenzenesulfonic acid, synthesis, 647 
A-tert-But reaction with dichro- 

mate (oxidation), 215 
cis-4-tert-Butylcyclohexanol, synthesis, 235 
trans-4-tert-Butylcyclohexanol, synthesis, 235 


4tert-Butylcyclohexanone, 
reaction with hydrides (reduction), 235 
reduction , 
synthesis, 215 
A-tert-Butylcyclohexene, synthesis, 480 
cis-4-tert-Butylcyclohexyl tosylate, reaction with 
base (elimination), 480 
trans-4-tert-Butylcyclohexyl tosylate, reaction 
with base (elimination), 480 
Butylene, see 1-Butene 
tert-Butylethyldimethylammonium hydroxide, 
thermal degradation (elimination), 492 


ylphenol, 917 
Z-3-tert-Butyl-1,3-pentadiene, configuration of, 
161 


tert-butylperoxyl radical, 914 
S-tert-Butyl-2,2,4,4-tetramethyl-3-pentanol, syn- 
thesis, 245 


1-Butyne, physical Properties, 65 
2-Butyne, 64 
physical properties, 65 1 
reaction with hydrogen chloride (addition), 
534 


Butyraldehyde, see Butanal 
Butyric acid, 84, see also Butanoic acid 


y'Butyrolactone, 272, see also 2-Oxacyclopen- 
tanone 
Butyrophenone, see 1-Phenyl-1-butanone 


Cadaverine, 76, see also 1,5-Pentanediamine 
, 869 

Caffeine, 76 

Cage effect, in free radical reactions, 920 


Cahn, and configurational ity, 159 
Саа carbide, аз Ec nt 501 


Carbenium ion, 122, see also Carbocation 
Carbenoids, 548 
Carbinol, definition, 74 
-carboalkoxy-, use in nomenclature, 85 
Carbocation, 

definition, 121 

pentacoordinate, 993 
Carbocation stability, 207 

and heteroatom effect, 335 

and mass spectral fragmentation, 1125 

and Syl reactivity, table, 334 
2-Carboethoxycyclopentanone, synthesis, 414 
3-Carboethoxydihyd ‚ synthesis, 595 
2-(Carboethoxymethyl)cyclohexanone, synthe- 


sis, 428 
2-Carboethoxy-6-methylcyclohexanone, synthe- 
sis, 414 


Carbohydrate ethers, 773 
Carbohydrates, 758 
and energy, 800 
D-Aldoses, 760 
degradation, 775 
disaccharides, 786 
glycosides, 782 
homologation, 774 
monosaccharides, 759 
oligosaccharides, 786 
oxidation, 768 
polysaccharides, 786 
ring size, 771 
structural representations, 766 
structure correlations, 774 
sweetening agents, 763 
synthesis, 778 
synthesis by photosynthesis, 800 
Carbolic acid, see Phenol 
3-Carbomethoxy-2,5-dimethylpyrrole, synthe- 
sis, 707 
Carbon, 
tetravalence, 5 
valence, 4 
Carbon dioxide, reaction with Grignard rea- 


Carbon NMR, 1067 
Carbon skeleton, in synthesis design, 723 
Carbon tetrachloride, see also 

ane, 


Carbonium ion, definition, 121 


derivatives, 249 
electroreduction, 1049 
nucleophilic addition, 219 
of alcohols, 224 du 
of Grignard reagents, 
of thiols, 231 
of water, 228 


ear groups (Cont.): 


steric effects on reactivity, 218 
Carbowax, see Polyethylene glycol 
-carboxy, use in nomenclature, 82 
N-Carboxyanhydride, in peptide synthesis, 835 
/-3-hydroxypentanedioic acid, 417, see 


thesis, 
Mor rem 
ives, 
олу anhydrides, 83, see also Anhydrides 
nomenclature, 85 


Carboxypeptidase enzyme 1л peptide analysis 


Carene, 868 
Camuba wax, see Myricyl cerotate 
Carbodiimides, 285 
B-Carotene, 873 

color, 1119 
Carotenoids, 

І of, 166 
rotation of, 

атат OC 68 
Caryophyllene, 868, 1018 
Са 


Cephalins, 

Chain reactions, 913 
Chain-reaction 952 
‘consumption of monomer, 952 

Chain-transfer agents, 
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Chemical shifts, in NMR, 1068 
Chemically induced dynamic nuclear polariza- 


Chitin, 762, 794 
Chloral hydrate, see 2,2,2-Trichloro-1,1-ethane- 


diol 
Chloral, see Trichloroethanal 
Chloride, 351, see also Halides 


Chlorin, 564 
Chlorine free radical, 355 
Chloroacetamide, synthesis, 283 
Chloroacetic acid, 
pK,, 101, 184 
p-Chloroacetophenone, 'H-NMR spectrum, 
1150 


hysical properties, 
, 78 
eciam with ammonía (nucleophilic substi- 
tution), 662 
reaction with butyllithium, 241 
reaction with methylamine (nucleophilic sub- 
stitution), 663 
reactiori with nitric acid (nitration), 626 
reaction with sodium hydroxide (nucleophilic 


p-Chlorobenzyl alcohol, synthesis, 294 
8-Chlorobicyclo[3.2.1]octane, 152 
m-Chlorobromobenzene, Gri reaction, 243 
4-Chloro-1-butanamine, reaction with base (in- 

tramolecular substitution), 380 
1-Chlorobutane, 


tution), 382 
1-Chloro-2-butene, synthesis, 578 
3-Chloro-1-butene, synthesis, 578 
Z-2-Chloro-2-butene, synthesis, 534 


3-Chlorocyclt , 

1-Chloro-2-deuterio-I-phenylpropane, synthe- 

, 533 
ketone, reaction with 


hydroxide (rearrangement), 997 
1 sulfide, see 1. 


tane 
скае synthesis, 520, 


2-Chloro-3,3-dimethylbutane, synthesis, 520 

1-Chloro-2,2-dimethylpropane, synthesis, 353 

2-Chloro-1,2-diphenylethylamine, reaction with 
base (intramolecular substitution), 380 
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1-Chloro-1,1-diphenyl-2-propanone, reaction 
with ethoxide (rearrangement), 997 
Chloroethane, 
dipole, 183 
dipole moment, 209 
physical properties, 78 
reaction with hydroxide (hydrolysis), 320 
2-Chloroethanol, 
dehydration, 364 
reaction with base (intramolecular substitu- 
tion), 380 
reaction with diethylamine (substitution), 373 
synthesis, 530 
Chloroethene, see also Vinyl chloride 
dipole moment, 209 
Physical properties, 78 
reaction with base (elimination), 499 
Bis-(2-chloroethyl) ether, synthesis, 364 
Chloroform, see also Trichloromethane 
‘physical properties, 78 
reaction with base (elimination), 465 
1-Chlorohexane, reaction with water (substitu- 
tion), 381 
ic acid, 83 
B-Chlorohexanoic acid, see 3-Chlorohexanoic 
acid 


Chlorohydrins, see Halohydrins 
Chloromethane, 77 


reaction with ammonia (substitution), 372 
bis-Chloromethyl ether, 392 
Chloromethyl ethyl ether, see 1-Chloro-2- 
oxabutane 


Chloromethylation, see Haloalkylation 
1-Chloro-2-methylbutane, free radical chlorina- 
tion, 920 

2-Chloro-2-methylbutane, synthesis, 974 
Bis(a-Chloromethyl)ether, 702 
2-Chloromethyl-é-nitrophenol, synthesis, 659 
2-Chloro-2-methylpropane, 

Grignard reaction, 244 

Physical properties, 78 

reaction with water (hydrolysis), 319 
m-Chloronitrobenzene, synthesis, 623, 626 
0-Chloronitrobenzene, synthesis, 623, 626 
P-Chloronitrobenzene, 

reaction with phenol, 665 

Synthesis, 623, 626 
Chloronium ion, 529 
1-Chloro-2-oxabutane, reaction with ethanol, 


335 
1-Chloropentane, reaction with water (substitu- 
tion), 360 
3-Chloropentane, synthesis strategy, 452 
1-Chloro-I-phenylethane, reaction with lithium 
aluminum deuteride (reduction), 384 
1-«(m-Chlorophenyl)ethanol, Synthesis, 243 
1-Chloro-1-phenylpropene, synthesis, 534. 
Chlorophyll, 564 
Chloroprene, synthesis, 557 
1-Chloropropane, physical properties, 78 
2-Chloropropane, 
Physical properties, 78 
Synthesis, 523 
2-Chloropropene, synthesis, 523 
3-Chloropropene, 556, see also Allyl chloride 
physical properties, 78 
1-Chioro-3-thiapentane, reaction with water 
(substitution), 380 
2-Chlorotoluene, synthesis, 644 
4-Chlorotoluene, synthesis, 644 
m-Chlorotoluene, reaction with sodamide (nu- 
cleophilic substitution), 666 
o-Chlorotoluene, oxidation, 678 
p-Chlorotoluene, 
reaction with hydroxide (nucleophilic substi- 
tution), 666 
synthesis, 670 


reaction with sodium borohydride (reduc- 
tion), 384 
3-Chloro-1,1,1-triphenylpropane, reaction with 
base (elimination), 486 
Cholestanol, 876 


dride (elimination), 506 
Cinnamic acid, see 3-Phenylpropenoic acid 
, Synthesis, 506 


as pheromone, 896 
reaction with acetone (aldol reaction), 408 
Citric acid, see also 3-Carboxy-3-hydroxypen- 
tanedioic acid 
biosynthesis, 417 


Cocoa butter, composition, 861 
Coconut oil, composition, 861 
Codeine, synthesis, 363 
Cod-liver oil, composition, 861 
Codon, 853 

Coenzyme A (CoASH), 282 
Coenzym 942 


Coenzymes, 848 

Collagen, 965 

Color, and wavelength absorbed, 1119 

Combustion analysis, 3, 1122 

Concerted reaction, definition, 122, 318 

Condensation ization, 952 

Condensation reactions, 404 

Condensed structural formulas, definition, 
17 


Configuration, 

designation of, 158 

definition, 167 
Configurational isomers, definition, 152 
Configurational stereoisomers, definition, 133 
Conformational isomers, see Conformations 
Conformational stereoisomers, definition, 

133 

Conformations, 138 

eclipsed, definition, 137 

gauche, 138 


of medium-size rings, 149 
Staggered definition, 137 
Conformers, see Conformations 


Coniine, 495 

1,4-Conjugate addition, 582 

Conjugate additions, mechanism, 578 

Conjugated alkenes, reactivity, 581 

Conjugated dienes, 61, 577 

Conjugated proteins, definition, 840. 

Conjugated systems, orbital depiction, table, 
596 


Conjugation, and UV absorption, 1114 
нех. definition, 1008 
Conservation of orbital symmetry, 595 
Constitutional isomers, definition, 15 
Construction reactions, 408, 723 
definition, 449 
Continuous wave NMR, 1067 
Contraceptive agents, 883 
Convergent Synthesis, 745 
Coordination number, definition, 10 
fepe reaction, 497 
pe rearrangement, 1004 
Coplanarity, in elimination reactions, 483, 
485 


Correlation diagram method of orbital symme- 
try analysis, 600 
Corticosterone, 884 


Counterclockwise, see 
Couper, and carbon-carbon bonding, 5 
Coupling, see also Diazonium coupling 
by dialkylcuprates, 388 
in NMR, 1078 
of haloalkanes, 387 


Crick, Francis, and Nobel prize, 849 
lehyde, see 2-Butenal 
ide, see 2-Butenamide 


definition, 824 

Cubane, 163, see also Penta- 
Cyclo[4.2.0.25. 09 9*7loctane 

Cumene, see Isopropylbenzene 

Curare, see Tubocurarine chloride 

Curare alkaloids, 376 

Curtius rearrangement, 986 

Curved arrows to depict electron movement, 
120 

Cyanide, as nucleophile, 219, 385 

Cyano stabilized anions, as nucleophiles, 430 

Cyano, use in nomenclature, 86 

B-Cyanoalanine, 817 

3-Cyanobutanoic acid, 86 

Cyano-teri-butoxycarbonyl, as protecting 

833 


group, 
2-Cyano-2-cyclohexylethanoic acid, decarboxyl- 
ation, 421 
Cyanogen bromide, for peptide analysis, 827 
Cyanohydrin reaction, 219 
electronic factors, table, 221 
equilibrium constants, table, 221 
mechanism, 219 
Cyanohydrins, 
in nature, 222 
synthesis, 219 
2-Cyano-2-propyl radical, 913 
Cyclic AMP, 798 
Cydic hydrocarbons, 
definition, 49 
strain, 162 
Cydic voltammetry, 1042 
Cyclization, via Friedel-Crafts reactions, 656 
Cycloaddition reactions, 588, 599 
photochemical, 1034 
Cycloalkanes, 
and conformational analysis, 140 
angle strain, 141 
cis-trans isomerism, 152 
definition, 50 
empirical formula, 50 
physical properties, table, 52, 60 
1,3-Cyclobutadiene, synthesis, 1034 
Cyclobutadiene, 613 
Cyclobutane, 
conformations, 149 
heat of combustion, 142 
physical properties, 52 
strain energy, 142 
Cyclobutanecarboxylic acid, synthesis, 425 
Cyclobutanol, synthesis, 232 
Cyclobutanone, reaction with hydride (reduc- 
tion), 232 
Cyclobutene, 
sigma and pi molecular orbitals, 1009 
strain, 162 
Cyclobuty! phenyl, synthesis, 299 
Cydobutylcarbonyl chloride, reaction with 
diphenylcadmium, 299 
Cyclodecane, 


heat of combustion, 142 

strain energy, 142 
Cyclodextrins, 792 
Cycoheptadienyl cation, 612 
Cycloheptane, 

heat of combustion, 142 

physical properties, 52 


, see Quinones 
ienyl cations, intermediates in elec- 
trophilic aromatic substitution, 621 


Cyclohexanamine, physical properties, 77 
Cyclohexane, 56 3 T 
axial bonds, 144 
boat conformation, 142 
catalytic dehydrogenation, 499 
chair conformation, 142 
ive drawing, 144 
ВА tional TG ES ‚ 146 
equatorial bonds, 144 
heat of combustion, 141, 142 
physical properties, 52 


nonbonded repulsions, 147 
substituent energies, 148 
yclohexanecarbonyl chloride, reaction with 


dimethylamine, 283 
trans-1,2-Cyclohexanediol, synthesis, 546 
Cyclohexanol, 


Physical properties, 68. 

reaction with acid (dehydration), 491 

reaction with sodium hypochlorite (oxida- 
tion), 502 

synthesis, 538 

Cyclohexanone, 

oxime, synthesis, 249 

physical properties, 81 

reaction with 1,2-ethanediol, 226 

reaction with benzaldehyde (aldol reaction), 
406 


reaction with hydroxylamine, 249 

reaction with morpholine (enamines), 428 

reaction with peracetic acid (rearrangement), 
989 


reaction with pyrrolidine (enamines), 428 
synthesis, 502, 976 
tautomers, 194 
Cyclohexanone ethylene ketal, synthesis, 226 
Cydohexanone-morpholine enamine, synthe- 
sis, 428 
Cyclohexanone-pyrrolidine enamine, synthesis, 
428 
1,3,5-Cyclohexatriene, as a model for benzene, 
204 


Cyclohexene, 
heat of hydrogenation, 203 
oxymercuration-reduction, 538 
lysical properties, 60 
ass with dichlorocarbene, 549 
reaction with hypochlorus acid (addition), 
530 
reaction with methylene, 549 
reaction with N-bromosuccinimide, 924 
reaction with oxygen, 932 
reaction with ozone (ozonolysis), 552 
strain, 162 


Chlorocyclohexanol 
trans-Cyclohexene chlorohydrin, see trans-2- 
Chlorocyclohexanol 
Cyclohexene oxide, 346, 362, see also 1,2- 


Cyclohexene-2,3-dicarboxylic acid, synthesis, 
1053 


clohexylamine, see Cyclohexanamine 
ее synthesis, 487 
2-Cydohexylethanenitrile, synthesis, 421 
2-Cyclohexyl-2-propanol, synthesis, 297 


heat of combustion, 142 
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Cyclooctane (Cont.): 
physical properties, 52 
Strain energy, 142 
Cyclooctanol, reaction with chromium trioxide 
(oxidation), 502 
Cyclooctanone, synthesis, 502 
1,3,5,7-Cyclooctatetraene, 
bond lengths, 614 
dianion, 614 
heat of hydrogenation, 614 
Cyclooctene, 
Е and Z isomers, 162 
strain, 162 
Cyclopentadecane, 
heat of combustion, 142 
strain energy, 142 
1,3-Cyclopentadiene, physical properties, 60 
Cyclopentadiene, 
as Diels-Alder diene, 590 
pK, , 99 
reaction with acrolein (Diels-Alder reaction), 
589 


reaction with maleic anhydride (Diels-Alder 
reaction), 592 
reaction with methyl propenoate (Diels-Alder 
reaction), 592 
synthesis, 593 
Cyclopentadienyl anion, 612 
Cyclopentadienyl cation, 613 
Суа 


conformations, 149 

heat of combustion, 142 

physical properties, 52 

Strain energy, 142 
Cydopentanecarboxaldehyde, synthesis, 976 
Cyclopentanol, 

physical properties, 68 

reaction with hypochlorite (oxidation), 215 
Cyclopentanone, synthesis, 215 
Cyclopentene, 

oxymercuration-reduction, 539 
au sil ripen чац 425 

lopentyl methy; ‚ synthesis, 
Cyclopentylmethanal, reaction with aluminum 
iisopropoxide (reduction), 238 

Cydopentylmethanol, synthesis, 238 
Cydopropane, 15 

as anesthetic, 367 

bent bonds, 149 

conformation, 148 

heat of combustion, 142, 209 

physical properties, 52 

strain energy, 142 
Cyclopropanecarboxylic propanoic anhydride, 

85 


Cydopropane-1,2-dicarboxylic acid, stereoiso- 
mers, 172 


Cyclopropanes, synthesis by carbene addition 
llena 56 


Cydopropene, 
strain, 162 
synthesis, 493 


Cyclopropyl ethyl ether, see 
Ethoxycyclopropane 
p-Cymene, see 1-Isopropyl-4-methylbenzene 
Cysteine, 
physical properties, 814 
pl, 819 
pK, 819 
Cytidine, 796 
Cytosine, 703, 796 


4, see Dextrorotatory, 166 
Dacron, 950, 968 
Dalton, and atomic theory, 3 
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олау! chloride, е Dimethylaminonaph 


Debye units (D), and dipole moment, 23 
Decalin, see Bicyclo[4.4.0]decane 
Decamethonium dibromide, synthesis, 376 


Dehydrohalogenation, 108, 486 
Delocalization 


Delta (8), and bond Уж, 23 
Denaturation, of proteins, 844 
, 796 


2-Deoxy-p-ribose, 761 
Deshielding, in NMR spectroscopy, 1071 
Desmosine, 817 


neutral, 281 
Deuteriobenzene, synthesis, 673 
erythro-3-Deuterio-2-butanol, stor 539 
threo-3-Deuterio-2-butanol, ый 
2-Deuteri tanol, synthesis, 539 
erythro-2-Deuteriol,2-diphenylethyl acetate, 
thermal degradation (elimination), 496 
threo-2-Deuterio-1,2-diphenylethyl acetate, ther- 
mal degradation (elimination), 496 
1-Deuterio-1-phenylethane, synthesis, 384 
1-Deuterio-2-propanone, synthesis, 403 
E-1-Deuteriostilbene, synthesis, 496 
Dewar ета 610 


Boum ( 4 ц 166 


риот, ушнаш, 388 
1,2-Diaminobenzene, IR spectrum, 1109 


properties of, 169 
1 Dese 3.1 0]-5-nonene, 487 
Diazoacetophenone, rearrangement, 982 


Diazomethane, 
as methylating agent, 
photolysis, 548, 1032 
reaction with ethyl propenat (dipolar addi- 
tion), 595 


368 


3, Dicono /4-diphenyl-l-butene, synthesis, 


оа, 2-diphenylethane, reaction with 
base (elimination), 499 
synthesis, 525 
1,2-Dibromoethane, 
reaction with 1,2-ethanedithiol (substitution), 
369 


reaction with sodium sulfite, 303 

synthesis, 525 
E-3,4-Dibromo-3-hexene, synthesis, 531 
2,2-Dibromopentane, synthesis, 534 


with base (elimination), 500 


1,2-Dibromopropane, synthesis, 530, 532 
134 


Br with sodium cyanide (substitution), 
synthesis, 532 
meso-2,3-Dibromosuccinic acid, see meso-2,3- 
Dibromobutanedioic acid 
Dibutyl 2,3-dihydroxybutanedioate, reaction 
with lead tetraacetate (oxidative cleav- 
age), 505 
Dibutyl ether, synthesis, 362 
Dibutyl ether, see Bu 
Dibutyl tartrate, see 2,3-dihy 
ну Dibutyl ydroxy- 


ED Smeg synthe- 
пре нула, syn- 


1,3-Dichlorobenzene, “C-NMR spectrum, 1140 
7,7-Dichlorobicyclo|4.1.0]heptane, synthesis, 549 
2,3-Dichlorobutane, synthesis, 525 
meso-2,3-Dichlorobutane, synthesis, 529 
Dichlorocarbene, 548 

synthesis, 465 
114 L'Dichloro-2.2-difluoroethene, synthesis, 469 
Dichlorodifluoromethane, 356 
Dichlorodiphenyltrichloroethane (DDT), 356 


cis-1,1-Dichloro-2-ethyl-3-methylcyclopropane, 
synthesis, 549 
Dichloromethane, 
physical properties, 78 
plane of symmetry, 164 
reaction with butyllithium (eititnatice) 548 
2, 


A-Dichloro-5-methylhexane, 77 

7,7-Dichloronorcarane, see 7,7-Dichloro- 
bicyclo[4.1.0]heptane 

3-Dichloro-1-phenyl-1-butene, synthesis, 580 

1,3-Dichloropropane, 'H-NMR spectrum, 1146 

2,3-Dichloropropene, reaction with zinc (elimi- 
nation), 489 

1,2-Dichloro-1,1,2,2-tetrafluoroethane, 356 

41-3, ый 5-tetramethylhexane, syn- 


114 оаа арон, reaction with 
base (elimination), 479 
', 422, see also Malononitrile 


N,N-Dicyclohexylcarbodiimide (DCC), 


Dicyclohexylurea, 
Dicyclopentadiene, thecal ити (re- 
verse Diels-Alder reaction), 593 
Dicyclopentadienyliron, see Ferrocene 
1,1-Dideuterio-1,3-pentadiene, thermal rear- 
rangement, 1001 
5,5-Dideuterio-1,3-pentadiene, synthesis, 1001 
meso-2,3-Dideuteriosuccinic acid, see meso-2,3- 


Dielectric constants, 


orbital symmetry analysis, 1013 
stereochemistry, 589 
Dienes, 


Diethyl acetylenedicarborylate, ‘595, see also Di- 
ethyl bu 

as Diels-Alder hile, 590 

reaction with E,E-1, о -1,3-butadiene 
(Diels-Alder reaction), 589 


Ite, reac- 


ite (Claisen reaction), 415 
Diethyl ether, 72, 73, see also Ethoxyethane 
as rd for organometallic compounds, 


Diethyl ether (Cont.): 
dielectric constant, 338 


acidity, 422 
reaction with 1-bromobutane (alkylation), 423 
reaction with 1,3-dibromopropane (alkyla- 
tion), 425 
reaction with 1,3-diphenyl-2-propen-l-one 
(conjugate addition), 584 
reaction with 3-buten-2-one (conjugate addi- 
tion), 584 
Diethyl methanephosphonate, synthesis, 379 
Diethyl 2-methylheptanedioate, reaction with 
base (Claisen reaction), 414 
Diethyl 3-methyl-2-oxobutanedioate, synthesis, 
415 
Diethyl oxolate, see Diethyl ethanedioate 
Diethyl phosphate, 305 
Diethyl sulfate, 
reaction with 1-propanol, 362 
synthesis, 303, 536 
Diethyl sulfide, 73, see also Ethylthioethane 
Diethyl sulfite, synthesis, 303 
Diethylamine, see N-Ethylethanamine 
2-Diethylaminoethanol, synthesis, 373 
p-Diethylbenzene, 63 
oxidation, 678 
Diethylcadmium, synthesis, 241 
Diethylene glycol dimethoxy ether, see Diglyme 
N,N-Diethylethanamine, physical properties, 
77, see also Triethylamine 
N,N-Diethyl-I-octanamine, synthesis, 373 
N,N-Diethylpropanamide, 86 
Diethylsulfonium methylid, 432 
2,2-Diethylthio-1-phenylpropane, synthesis, 
231 


Diffusion-controlled reactions, 914 
1,1-Difluoroethene, bond angles, 40 


1/-Dihydrobenzoic acid, synthesis, 682 
Dihydrocarvone, 7 
2,3-Dihydroindene, 'H-NMR spectrum, 1141 


7,8-Dihydroxy-9,10-epoxy-7,8,9,10- 
tetrahydrobenz[a]pyrene, as carcinogen, 


701 
9,10-Dihydroxyoctadecanoic acid, reaction with 
pr acid (oxidative cleavage), 505 
erythro-9,10-Dihydroxyoctadecanoic acid, syn- 
т 658 
2,2-Di(p-hy: ropane, 
2,3-Dihydroxypropanol, 169, see also Glyceral- 
dehyde 
9,10-Dihydroxysteric acid, see 9,10- 
Dih: acid 


Diimide, 551 


Dimethyl ether, 73, see also Methoxymethane 

Dimethyl ether cation, pK,, 101 

Dimethyl fumarate, 591, see also E-Dimethyl 
butenedioate 

Dimethyl Z,E-2,4-hexadienedioate, thermal re- 
arrangement, 1007 

Dimethyl malonate, reaction with methyl 2,4- 
hexadienoate (conjugate addition), 584 

Dimethyl 


as aprotic solvent, 340 
Dimethyl terephthalate, polymerization with 


ylene glycol, 968 
Dimethylamine, 74, 77, 283, see also N-Methyl- 
methanamine 


, 373 
p-N,N-Dimethylaminoazobenzene, 702 
thesis, 648 
«Эп ава, 
synthesis, 648 
1-Dimethylaminocyclohexene, synthesis, 251 
2-(N,N-Dimethylamino) tanol, 75 


N,N-Dimethylanilinium ion, pKa, 100 
1,2-Dimethylbenzene, 63, 620, see also o-Xylene 
IR 


physical ies, 63 
reaction with nitric acid (nitration), 640 
1,4-Dimethy , 63, 620, see also p-Xylene 
IR spectrum, 1106 
physical properties, 63 
reaction with nitronium acetate (nitration), 
649 


radation (rearrangement), 1000 
1,3-Dimeth: телге 1.1.0]butane, synthesis, 
1 


2,3-Dimethyl-1,3-butadiene, as Diels-Alder 


tion, 357 
synthesis, 538 
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3,3-Dimethyl-2-butanone, 
1H-NMR spectrum, 1134 
IR spectrum, 1134 
physical properties, 81 
3,3-Dimethyl-2-butanone, 976, see also Pinaco- 
lone 
2,3-Dimethyl-I-butene, synthesis, 357 
2,3-Dimethyl-2-butene, 
heat of hydrogenation, 207 
stabilization energy, 207 
synthesis, 357, 975 
3,3-Dimethyl-I-butene, 
tion-reduction, 538 
reaction with acid (rearrangement), 974 
reaction with hydrogen chloride (addition), 
520 


synthesis, 357 
E-Dimethylbutenedioate, reaction with 1,3- 
butadiene (Diels-Alder reaction), 591, see 
also Dimethyl fumarate 
N,N-Dimethyl-2-butylamine, reaction with hy- 
drogen іде (oxidation), 497 
N,N-Dimethyl-2-butylamine oxide, 
synthesis (oxidation), 497 
thermal degradation (elimination), 497 
Dimethyl-2-butylsulfonium bromide, reaction 
with base (elimination), 477 
1,2-Dimethylcyclobutane, 57 
Бае у aine synthesis, 


cis-5,6-Dimethyl-1,3-cyclohexadiene, synthesis, 
1007 


N,N-Dimethylcyclohexanamine, 74 
1,2-Dimethylcyclohexane, stereoisomers, 173 
cis-1,2-Dimethylcyclohexane, synthesis, 550 
cis-1,4-Dimethy , 154 
trans-1,4-Dimethylcyclohexane, 153 
N,N-Dimethyleyclohexan 
sis, 283 

cis-1,2-Dimethylcyclohexanol, synthesis, 537 
trans-1,2-Dimethylcyclohexanol, synthesis, 537 

,3-Dimethylcyclohexanone, , 587 


', synthe- 


3 
Z-1,2-Dimethyleyclohexene, 
reaction with hydrogen bromide (addition), 
533 


reaction with hydrogen (hydrogenation), 550 
reaction with peroxyacetic acid (epoxidation), 
54 


reaction with water (hydration), 537 
cis-1,2-Dimethylcyclohexene oxide, synthesis, 


544 
N,N-Dimethylcyclohexylmethylamine, 
reaction with hydrogen peroxide (oxidation), 
497 


synthesis, 497 

thermal degradation (elimination), 497 
cis-1,2-Dimethylcyclopentane, 153 
trans-1,2-Dimethyleyclopentane, 153 
6512: Dimethyl-l 2 cyopentanediol, synthe- 


sis, 546 

Z-1,2-Dimethyleyclopentene, reaction with 
osmium tetroxide (hydroxylation), 546 

N,N-Dimethylcyclopropylamine, synthesis, 492, 
493 


N,N-Dimethyl-N,N-dioctadecylammonium chlo- 
ride, 281 
1,1-Dimethylethyl ethanoate, synthesis, 274, see 
also tert-Butyl acetate 
N,N-Dimethylformamide (DMF), 
dielectric constant, 338 
mass spectrum, 1142 
as polar protic solvent, 340 
Dimethylformamidinium chloride, 314 
2,5-Dimethylfuran, synthesis, 707 
2,4-Dimethylheptane, 55 
3,3-Dimethylheptane, mass spectrum, 1125 
3,4-Dimethyl-1,5-hexadiene, thermal rearrange- 
ment, 1001 
meso-3,4-Dimethyl-1,5-hexadiene, rearrange- 
ment, 1005 
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4,4-Dimethyl-5-hexen-2-one, synthesis, 587 
1,1-Dimethylhydrazine, synthesis, 378 
2,4-Dimethyl-3-hydroxy-1-phenyl-1-pentanone, 
synthesis, 406 
2,2-Dimethyl-3-hydroxypropanal, synthesis, 405 
N,N-Dimethylmethanamine, 74, 373, see also 
b bu ud, 
physical 
N,N-Dimethylneopen! doi see N,N,2,2- 
Tetramethylpropanamine 
2,4-Dimethylnitrobenzene, synthesis, 640 
3,11-Dimethyl-2-nonacosanone, total synthesis, 
898 


5,5-Dimethyl-3-oxohexanoic acid, 82 
3,3-Dimethylpentane, 55 
2,4-Dimethyl-2-pentanol, synthesis, 247 
2,4-Dimethyl-3-pentanol, synthesis, 245. 
2,4-Dimethyl-3-pentanone, reaction with 
propylmagnesium bromide, 245 
4,4-Dimethyl-l-pentene, synthesis, 477 
E-4,4-Dimethyl-2-pentene, 
TR spectrum, 1104 
synthesis, 477 
Z-4,4-Dimethyl-2-pentene, 
IR spectrum, 1104 
synthesis, 477 
N,N-Dimethyl-4-pentenylamine, synthesis, 494 
4,4-Dimethyl-2-pentyl tosylate, reaction with 
acid (elimination), 477 
2,2-Dimethyl-1-phenyl-1-propanone, synthesis, 
300 


N,N-Dimethylpiperazine, 180 
N,N-Dimethylpivalamide, see N,N,2,2- 
Tetramethylpropanamide 
2,2-Dimethylpropane, physical properties, 52 
2,2- -Dimethylpropanoic acid, 
reaction with lithium aluminum hydride (re- 
duction), 291 
reaction with thionyl chloride, 274 
synthesis, 244 
2,2-Dimethyl-1-propanol, 
reaction with triphenylphosphine dichloride, 
353 


synthesis, 291 
2,2-Dimethyl-1-propanol, reaction with acid, 
974, see also Neopentyl alcohol 
2,2-Dimethylpropanoyl chloride, 
reaction with ethanol, 274 
synthesis, 274 
2,5-Dimethylpyrrole, synthesis, 707 
2,2-Dimethylpyrrolidine, synthesis, 293 
5,5-Dimethyl-2-pyrrolidone, reaction with lith- 
ium aluminum hydride (reduction), 293 
Dimethylsulfate, synthesis, 302 
Dimethylsulfoxide, dielectric constant, 338 
2,5-Dimethylthiophene, synthesis, 707 
6,10-Dimethyl-3,5,9-undecatriene-2-one, intra- 
molecular cyclization, 555 
1,2-Dimethyoxyethane, 'H-NMR spectrum, 
1076 
2,4-Dinitroaniline, synthesis, 665 
m-Dinitrobenzene, synthesis, 639 
o-Dinitrobenzene, synthesis, 639 
p-Dinitrobenzene, synthesis, 639 
3,5-Dinitrobenzoic acid, synthesis, 640 
2,4-Dinitrochlorobenzene, 
reaction with ammonia (nucleophilic substi- 
tution), 665 
reaction with methylamine (nucleophilic sub- 
stitution), 663 
2,4-Dinitrofluorobenzene, reaction with pep- 
tides, 825 
2,4-Dinitrofuran, synthesis, 714 
2,5-Dinitrofuran, synthesis, 714 
Dinitromethane, 
acidity, 422 
PKa 101 
2,4-Dinitrophenol, pK,, 100 
2,4-Dinitrophenylhydrazine, reaction with car- 
bonyl compounds, 250 


А НЫ 250 


1,2-Diols, fa Gira 
erige hy peste ences quem. 


ЕВ 
1,2-Dioxacyclobutanedione, synthesis, 1040 
1,4-Dioxacyclohexane, 72, see also 1,4-Dioxane 
1,4-Dioxane, 72, see also 1,4-Dioxacyclohexane 
Dioxin, 718 
Diphenyl ether, 73, see also 
2,2-Diphenylacetonitrile, see 2,2- 
Diphenylethanenitrile 
Diphenylacetylene, see 1,2-Diphenylethyne 
Diphenylamine, 77, see also N-Phenyl- 
benzenamine 
1,1-Diphenyl-2-amino-1-propanol, reaction with 
nitrous acid (rearrangement), 976 
Diphenylammonium cation, pKa, 101 
1,2-Diphenylazaethene, reduction, 253 
2,3-Diphenylaziridine, synthesis, 380 
N,N-Diphenylbenzenamine, physical proper- 
ties, 77, see also Triphenylamine 
6,6-Diphenylbicyclo[3.1.0]-3-hexen-2-one, syn- 
thesis, 1037 


1,4Diphenyl-1,3-butadiene, 
reaction with bromine (conjugate addition), 
581 
synthesis, 432 
EEL 4-Diphenyl-1,3-butadiene, 


meso-2,3-Diphenylbutane, synthesis, 550 
2,3-Diphenylbutanediamide, synthesis, 254 
2,3-Diphenylbutanedinitrile, reaction with 
water (hydrolysis), 254 
Z-2,3-Diphenyl-2-butene, reaction with hydro- 
(hydrogenation), 


2,2-1 -Diphenylethanenitrile, reaction with lithium 
aluminum hydride, 255 
1,2-Diphenylethanol, 
reaction with phosphorus tribromide (dehy- 
dration), 491 
synthesis, 387 
1,2-Diphenylethene, see also Stilbene 
synthesis, 491 
reaction with pyridinium tribromide (addi- 
tion), 525 
2,2-Diphenylethylamine, synthesis, 255 
121 -Diphenylethyne, 
H-NMR spectrum, 573 
d spectrum, 573 
synthesis, 499 
2.2-Diphenyt2-hydronyethancic acid, see Ben- 


ан 
physical properties, 63 
synthesis, 657 

Diphenylmethanol, synthesis, 657, 1049 

Diphenylmethanone, physical properties, 81, 
see also Benzophenone 

1,2-Diphenyl-2-methyl-1-butanone, synthesis, 
300 


1,3-Diphenyl-2-methylthio-1-propanone, syn- 
thesis, 999 d 

trans-2,3-Diphenyloxirane, see trans-Stilbene 
oxide 


1,5-Diphenyl-4-penten-1-one, reaction with 
REA bromide (conjugate 
addition), 582 

1,3-Diphenylpropane, 64 

1,2-Diphenyl-1-propanone, synthesis, 976 

1,3-Diphenyl-1-propanone, synthesis, 551 

E-1,2-Diphenylpropene, 481 

synthesis, 482 
Z-1,2-Diphenylpropene, 481 
2,3-Diphenyl-2-propenenitrile, synthesis, 430 


1,3-Diphenyl-2-propen-1-one, 
reaction with diethyl malonate (conjugate 
addition), 584 
reaction with hydrogen (hydrogenation), 551 
reaction with phenyllithium (conjugate addi- 
tion), 587 
reaction with phenylmagnesium bromide 
(conjugate addition), 582, 587 
cis-1,2-Diphenylstilbene, see Z-2,3-Diphenyl-2- 
butene 
2,3-Diphenylsuccinamide, see 2,3-Diphenyl- 
butanediamide 


2,3-Diphenylsuccinonitrile, see 2,3-Diphenyl- 
butanedinitrile 


threo-1,2-Diphenyl-N,N,N-trimethylpropylam- 
monium iodide, reaction with base | 
(elimination), 482 | 
-1,2-Diphosphoglycerate, 801 
Diphosphoric acid, 305 | 
1,3-Dipolar additions, 594 
1,3-Dipolar compounds, in 1,3-dipolar addi- 
tions, 594 
Dipolarophile, in 1,3-dipolar additions, 594 
Dipole moments, 23 
Dipropargyl, see 1,5-Hexadiyne 
Disiamylborane, see Di(2-Methyl-2-butyl) 
borane 


Disparlure, 901, see also 2-Methyl-7,8-epoxyoc- 
tadecane 

Disproportionation, in free radical reactions, 
927 


Disproportionation reaction, definition, 236 
Disrotatory, definition, 1008 
Dissociation constants, 
of carboxylic acids, 95 
of water, 96 
Dissociation of acids and bases and effect of 
medium, 102 
Dissolving metal reductions, 682, 934 
of aromatic rings, 936 
of carbonyl compounds, 934 
Distillation, 1063 
Diterpenes, 867 
1,4-Dithiane, synthesis, 369 
dl, see Racemic compounds 
DME, see N,N-Dimethylformamide 
DMSO, see Dimethyl sulfoxide 
DNA, see Deoxyribonucleic acid 


lecahedrane, 163, see also Undecacylo 

[9.9.0.025.997 9420 5.18 06.16 98.15 910.14 912.19 01317] 
icosane 

1-Dodecene, synthesis, 498 

Dodecyl phenyl selenoxide, thermal degrada- 
tion (elimination), 498 

Double bonds, 14 

hybrid orbitals, 36 

Double helix, of DNA, 849 

Dry ice, see Carbon dioxide 

Du Улева, Vincent, апа Nobel prize, 827 

Dualism, 9 

Durene, see 1,2,4,5-Tetramethylbenzene 


E, as configuration designation, 159 

El, see Elimination, unimolecular 

ElcB, see Elimination, unimolecular, conjugate 
base 


E2, see Elimination, bimolecular 
conformation, see Conformations 

Edman degradation, 824 

Ki, see Elimination, internal 

Eicosane, physical properties, 52 

5,8,11,14,; ha -Eicosapentaenoic acid, in prosta- 
glandin synthesis, 887 

511/14 Eicosatetraenoic acid, in prostaglan- 

synthesis, 887 

8, dine En acid, in protaglandin 
synthesis, 887 

Einstein, photochemical energy unit, 1023 


Elaidic acid, 862 
Electrical attraction and bonding, 9 
Electrical’ potential, 1042 
Electrochemical initiation, of free radical reac- 
tions, 914 
Electrochemistry, 1042 
cell parameters, 1043 
current efficiency, 1045 
half-wave potentials, table, 1044 
Electrocyclic rearrangements, 1006 
correlation diagram analysis, 1008 
HOMO-LUMO analysis, 1007 
Electrolyte, 1043 
Electromagnetic radiation, 1064 
absorption by molecules, 1023 
Electromagnetic spectrum, 1064 
Electron configuration, 
for the pi electrons of benzene, 206 
of atomic orbitals, 29 
of ethane, 13 
of ethene, 14 
of ethyne, 14 
of helium, 29 
of hydrogen, 29 
of metallocenes, 661 
of methane, 12 
of methanol, 13 
of molecular orbitals, 31 
Electron delocalization, 
and energy, 190 
and resonance, 190 
Electron discovery, 10 
Electron impact, method of mass spectrometry, 
1120 
Electron movement, 120 
Electron pairs and bonding, 11 
Electron paramagnetic resonance (EPR), 
937 


Electron promotion and hybrid orbitals, 
33 


Electron spin resonance (ESR), see Electron 
paramagnetic resonance 
Electron transfer, and the ionic bond, 10 
Electronegativity, 
and bond polarity, 23 
definition, 22 
table, 22 
Electronic effects, on the Sy2 reaction, 335 
Electronic excitation, in UV, 1113 
Electrons, 
available for bonding, 13 
electronically excited states, 1023 
energy levels, 26 
id states, 1023 
photoexcitation, 1023, 1024 
probability in orbitals, 27. 
spin, 29 
Electrooxidation, 1054 
Electrophiles, 
definition, 117 
table of, 118, 518 
Electrophilic additions, 
effect of solvent polarity, 528 
mechanism, 519 
regiochemistry, 522 
stereochemistry, 524 
to a carbonyl group, 217 
to unsaturated carbon, 517 
Electrophilic aromatic substitution, see also 
Scope of aromatic substitutions 
mechanism, 617 4 
orientation in multiply substituted aromatics, 
627 


partial rate factors, 629 
pi-complex intermediate, 628 

Tates of substitution; 624 

reactivity, 618 

substituent effect on rate and orientation, 


625 
Electrophore, definition, 1022 


Electroreduction, 1046 
of conjugated compounds, 1051 
Elimination, during nucleophilic substitution, 
357 


unimolecular (E1), 467 
unimolecular, conjugate base (ElcB), 
468 


Elimination vs. substitution, 
basicity-nucleophilicity, 471 
factors, 471 
1,1-Eliminations, 465 
1,2-Eliminations, 465 
Empirical formulas, 3 
determination, 1122 


as nucleophiles, 427 
Enantiomer resolution, 169, 301 
Enantiomers, 164 

and optical activity, 166 

definition, 165 

physical properties of, 167 

nic reactions, definition, 97 
Endo configuration, in Diels-Alder reactions, 
592 
Endothermic, definition, 41 
Endothermic reactions, 97 
Energy, 97, see also Free energy 
and equilibrium, 97 
and wavelength of light absorbed, table, 
1023 


available at room temperature, 157 


of hydrogen bonds, 69 
of nuclei in NMR, 1066 


Energy profile diagram, 123 
for hydrolysis of 2-chloro-2-methylpropane, 


320 
for reaction of chloroethane with hydroxide, 
321 


alkylation, 422 
alkylation vs. acylation, 425 
as nucleophiles, 422 
C vs. О alkylation, 427 
Enolization, 399, see also Keto-enol tautomerism 
of aldehydes, 399 
of ketones, 399 
Entgegen, see E 
Enthalpy (АН?), 42, 97 
Enthalpy of activation, (АН), 123 
Entropy, and cyclizations, 225 
Entropy (45°), 97 
Enzymes, 


Еріал 
Epimers, definition, 775 


Epoxy resins, 963 
1,2-Epoxycyclohexane, synthesis, 362, see also 
Cyclohexene oxide 

2,3-Epoxytridecan-1-ol, synthesis, 545 
EPR, see Electron paramagnetic resonance 
Equatorial bonds, of cyclohexane, 144 
Equilenin, 904 
Equilibrium, and reaction rate, 229 
Equilibrium constant K, and free energy, 97 
Equilibrium control of product formation, 579 
erythro, definition, 482 
Erythromycin, 783 
p-(—)-Erythrose, 760 
Eschweiler-Clarke reaction, 253 

mechanism, 253 
ESR, see Electron paramagnetic resonance 
Essential fatty acids, definition, 886 
Essential oils, see Terpenes 
Ester enols, 

in biological processes, 417 
Ester hydrolysis, 

acyl-oxygen cleavage, 277 

alkyl-oxygen cleavage, 369 

mechanism, 277 
Esterification, 

equilibrium constants, 271 

mechanism, 272 

steric effects, 272 
Esters, 83, 266 

as protecting groups, 736, 833 

condensation reactions, 411 

nomenclature, 85 

photolysis, 1032 

physical properties, table, 85 

reaction with organometallic compounds, 


reaction with water, 277 
thesis, 
by reaction of alcohols and carboxylic 
acids, 271 
by substitution of carboxylate, 368 
Estradiol, 884 
Estranol, 885 
Estrogens, 883 
Estrone, 885 
synthesis strategy, 750 
Ethanal, 404, see also Acetaldehyde 
reaction with cyanide, 219 
reaction with methanamine, 248 
reaction with water, 228 
physical properties, 81 
Ethanamide, 86, see also Acetamide 
synthesis, 254 
Ethanamine, see also Ethyl amine 
physical properties, 77 
Ethandioic acid, see also Oxalic acid 
reaction with methanol (esterification), 271 
Ethane, 
13C-NMR spectrum, 1072 
1H-NMR spectrum, 1072 
bonding in, 13 
conformations, energies of, 138 
electron configuration, 13 
Lewis formula, 13 
physical properties, 52 
pK, 99 
three-dimensional representations, 136 
Ethanedial, physical properties, 81 
Ethanedioic acid, 186, see also Oxalic acid 
physical properties, 84 
1,1-Ethanediol, synthesis, 228 
12-Ethanediol, 67, see also Ethylene glycol 
physical properties, 68 
reaction with cyclohexanone, 226 
synthesis, 546 
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1,2-Ethanedithiol, 369 
Ethanenitrile, 86, 254, see also Acetonitrile 
Ethanethiol, 71, 231 
рКа, 100 
Ethanoic acid, 95, 287, see also Acetic acid 
ii jes, 84 


physical properties, 
Ethanoic anhydride, 85, see also Acetic anhy- 
dride 


Ethanol, 66, 112, 536, see also Ethyl alcohol 
TH-NMR spectrum, 1081 
1Н-ММЕ spectrum of anhydrous ethanol, 
1082 
as polar-protic solvent, 340 


reaction with 2-bromo-2-methylbutane (sub- 
stitution), 361 
reaction with 2-bromo-2-methylpropane (sub- 
stitution), 362 
reaction with acetic acid (esterification), 271 
reaction with sulfuric acid, 302 
reaction with thionyl chloride, 303 
synthesis, 320 
Ethanolamine, synthesis, 373 
Ethanoyl chloride, 85, 287, see also Acetyl chlo- 
ride 
reaction with 2-methyl-2-propanol (esterifica- 
tion), 274 
Ethene, see also Ethylene 
as petrochemical raw material, 50 
bond angles, 40 
heat of hydrogenation, 207 
Lewis formula, 14 
physical properties, 60 
resonance structures, 193 
stabilization energy, 207 
Ethenylbenzene, synthesis, 498, see also Sty- 
rene 
4-Ethenyl-2-methyl-3-heptanol, 67 
Ether peroxides, 933 
Ether, see Diethyl ether 
Ethers, 71 
cleavage by acid, 
reaction with HBr (substitution), 365 
nomenclature, 71 
physical properties, table, 73 
synthesis by substitution of alcohols, 361 
synthesis by alcohol dehydration, 364 
Ethonium ion, pK,, 101 
Ethoxycyclopropane, 72 
Ethoxyethane, physical properties, 73, see also 
Diethyl ether 
2-Ethoxyheptane, synthesis, 326 
Ethyl 2-butenoate, 
13C-NMR spectrum, 1154 
Ethyl acetate, 85, see also Ethyl ethanoate 
ММК spectrum, 1091 
1Н-ММЕ spectrum, 1091 
reaction with acetone (enolate condensation), 
416 
reaction with base (Claisen reaction), 411, 
413 
reaction with LDA (enolate condensation), 
415 


synthesis, 271 
Ethyl acetoacetate, see also Acetoacetic ester 


reaction with 1-bromobutane (alkylation), 
423, 424 
synthesis, 411, 413 
Ethyl 2-acetyl-2-butylhexanoate, synthesis, 
424 


Ethyl 2-acetylhexanoate, 
decarboxylation, 424 
synthesis, 423 

Ethyl alcohol, synthesis, 536, see also Ethanol 


Ethyl benzenecarboxylate, see also Ethyl benzo- 
'hysical properties, 86 
рава OMA 297 

Ethyl benzoate, 86, sce also Ethyl benzenecar- 


boxylate 

Ethyl benzoate-“40, in ester hydrolysis, 277 
Ethyl bromoacetate, 

reaction with zinc, 298 

synthesis, 271 
Ethyl bromoethanoate, see Ethyl bromoacetate 
Ethyl bromozincacetate, 

reaction with benzaldehyde, 298, 429 


IR spectrum, 1153 
Ethyl 2-butyl-3-oxooctanoate, synthesis, 413 
Ethyl 2-carboethoxy-3,5-diphenyl-5-oxopentano- 

ate, synthesis, 584 
Ethyl 2-carboethoxyhexanoate, 

decarboxylation, 424 

synthesis, 423 
Ethyl 2-carboethoxy-5-oxohexanoate, synthesis, 

585 


Ethyl chloride, see Chloroethane 
Ethyl chloroacetate, reaction with ammonia, 


283 
Ethyl crotonate, see Ethyl 2-butenoate 
Ethyl cyanoacetate, 
acidity, 422 
‘H-NMR spectrum, 1147 
IR spectrum, 1147 
Ethyl cyclohexanecarboxylate, 85 
Ethyl 2,2-dimethylpropanoate, synthesis, 274 
Ethyl 3,3-diphenylpropanoate, synthesis, 997 
Ethyl ethanoate, physical properties, 85, see 
also Ethyl acetate 
Ethyl formate, 
reaction with butylmagnesium bromide, 297 
reaction with ethyl phenylacetate (Claisen 
reaction), 415 
Ethyl 2-formyl-2-phenylacetate, 415 
Ethyl heptanoate, dissolving metal reduction, 
934 


Ethyl hexanoate, 
reaction with acetyl chloride, 420 
reaction with base (Claisen reaction), 413 
Ethyl hydrogen sulfate, synthesis, 302 
Ethyl 3-hydroxy-3-phenylpropanoate, synthe- 
i 429 


sis, 298, 

Ethyl iodide, see Iodoethane 

Ethyl isocyanate, synthesis, 378, 984 

Ethyl isopropyl ether, see 2-Methyl-3-oxapen- 
tane 


Ethyl mercaptan, see Ethanethiol 
Ethyl methyl ether, 72 
Ethyl 2-methyl-2-butyl ether, synthesis, 361 
Ethyl 2-methylpropanoate, reaction with base 
(Claisen reaction), 412, 414. 
Ethyl orthoformate, see Trieth 
Ethyl 3-oxobutanoate, 411, see also Ethyl aceto- 
acetate 
Ethyl tanoate, synthesis, 415 
Ethyl НЕ IN 
reaction with ethyl formate (Claisen reac- 
tion), 415 
synthesis, 982 
Ethyl phosphate, 305 
Ethyl pivalate, see Ethyl 2,2- 
dimethylpropanoate 
Ethyl propanoate, reaction with diethyl 
ethanedioate (Claisen reaction), 415 
Ethyl propenoate, reaction with diazomethane 
(dipolar addition), 595, see also Ethyl 
acrylate 
Ethyl propyl ether, 
reaction with 1-ргорапо!, 362 
synthesis, 358, 362 


Ethyl propyl ether, see 3-Oxahexane 
Ethyl sulfate, 364 

synthesis, 536 
Ethyl 2,3,3-trimethylbutanoate, synthesis, 997 
Ethyl 2,2,4-trimethyl-3-oxopentanoate, syrithe- 


Ethylamine, 77, see also Ethanamine 
N-Ethylbenzenamine, 75 
Ethylbenzene, 62 
catalytic dehydrogenation, 498 
physical properties, 63 
synthesis, 657 
p-Ethylbenzoic acid, synthesis, 679 
p-Ethylbenzonitrile, synthesis, 673 
p-Ethylbenzyl alcohol, oxidation, 679 
4-Ethylcyclohexanol, reaction with dichromate 
(oxidation), 503 
4-Ethylcyclohexanone, synthesis, 503 
5-Ethyl-4-dimethyldecane, 57 
Ethyldimethylsulfonium bromide, reaction with 
base (elimination), 473 
Ethylene, see also Ethene 
as petrochemical raw material, 556 
industrial synthesis, 556 
oxidation, 545 
pK, 99 A 
physical properties, 60. 
reaction with 1,3-butadiene (Diels-Alder reac- 
tion), 588 
reaction with bromine (addition), 525 
reaction with chlorine (addition), 535 
reaction with hypochlorus acid (addition), 
530 


reaction with oxygen, 562 
reaction with potassium tetrachloroplatinate, 
558 


reaction with sulfuric acid, 536 
reaction with water (hydration), 536 
Ethylene chlorohydrin, see 2-Chloroethanol 
Ethylene dibromide, see 1,2-Dibromoethane 
Ethylene glycol, 546, see also 1,2-Ethanediol 
polymerization with dimethyl terephthalate, 
968 


Ethylene oxide, 72, 73, 380, see also 
lopropane; Oxirane 
industrial synthesis, 545 
reaction with ammonia and amines (substitu- 
tion), 373 
reaction with butylmagnesium bromide (sub- 
stitution), 386 
reaction with water (hydrolysis), 546 
Ethylenephenonium ion, 981 
N-Ethylethanamine, 74 
physical ыны, 77 
2-Ethylhexanamide, reaction with thionyl chlo- 
ride (elimination), 506 
2-Ethylhexanenitrile, synthesis, 506 
Ethylisopropyl sulfide, synthesis, 472 
Ethylmagnesium bromide, reaction with car- 
bonyl compounds, 242 
Ethylmagnesium chloride, reaction with cad- 
mium chloride, 241 
m-Ethy! ‚ 63, see also 1-Ethyl-3- 


methylbenzene 
1-Ethyl-3-methylbenzene, 63, see also m-Ethyl- 
methylbenzene 
4 Ethyl-3-methylcyclohexene, 61 


4-Ethyl-2-methylhexane, 55 
Ethyloxirane, reaction with lithium aluminum 


ide, synthesis, 987 
2-Ethyl-4-phenylquinoline, synthesis, 710 


p-Ethylphenylthalliumditrifluoroacetate, reac- 
tion with cyanide, 673 
Ethylthioethane, 73, see also Diethyl sulfide 
p-Ethyltoluene, 
oxidation, 679 
Ethyne, 14, 388, see also A 
electron configuration, 14 
Lewis formula, 14 
physical properties, 65 
Eudesmol, 756 
Excited states, 
electronic transitions, 1026 
energies, 1026 
in photochemical processes, 1024 
lifetimes, 1026 
relaxation processes, 1026 
Exergonic reactions, definition, 97 
Exo configuration, in Diels-Alder reactions, 592 
Exocyclic double bonds, 1116 
Exothermic, definition, 41 
Exothermic reactions, 97 


FAD, see Flavin adenine dinucleotide 
Faraday, as electrochemical unit, 1045 
Farnesol, 
as juvenile hormone, 896 
biosynthesis, 872 
Farnesyl pyrophosphate, in terpene biosynthe- 
sis, 872 
Fast atom bombardment, 
method of mass spectrometry, 1120 
Fats, 859, see also Triacylglycerols 
composition, table, 861 
Fatty acids, 280, 859 
biosynthesis, 862 
conversion to detergents, 377 
structures, table, 860 
Favorskii rearrangement, 997 
Fehling’s reagent, 768 
Fermentation, of carbohydrates, 804 
Ferric chloride, 103 
Ferrocene, 661 
reaction with acetic anhydride, 661 
reactivity, 661 
Fiberglass, 971 
Fibers, 963 
cold-drawing, 964 
dyeing, 964 
formation, 964 
natural, 964 
structural characteristics, 963 
Fibrils, of cellulose, 793 
Fingerprint region, in IR spectroscopy, 1096 
First-order reaction, 127 
Fischer, Emil, 
and configuration of glyceraldehyde, 169 
and Nobel prize, 764 
Fischer, Ernst, and Nobel prize, 559 
Fischer esterification, 271 
Fischer indole synthesis, 708 
Fischer projection formulas, 135 
absolute configuration, 176 
for three dimensional drawings, 135, 175 
manipulation, 177. 
of carbohydrates, 759 
Fischer-Tropsch reaction, 563 
Flavin adenine dinucleotide (FAD), 799, 848 
Flax, 793 
Flory, Paul, and Nobel prize, 945 
Fluorene, 719 
РК» 99 
Fluorescence, 1026 
Fluorobenzene, synthesis, 671 
o-Fluorobromobenzene, synthesis, 671 
Fluoroethane, 77 
Fluorotrichloromethane, 356 
Fluxional isomerism, 1018 
Folic acid, 304 


"Forbidden," pericyclic reactions, 600 
Formal charges, definition, 24 
Formaldehyde, 81, 215, see also Methanal 

in Eschweiler-Clarke methylation, 253 

polymerization with urea, 962 

reaction with 2-methylpropanal (aldol reac- 

tion), 405 

reaction with acetaldehyde (aldol reaction), 

reaction with benzene, 659 

а with phenol (hydroxyalkylation), 


reaction with p-nitrophenol, 659 
reaction with water, 228 
Formaldehyde hydrate, 228 
Formalin, see Formaldehyde hydrate 
Formic acid, 84, see also Methanoic acid 
as reducing agent, 253 
dielectric constant, 338 
in Eschweiler-Clarke methylation, 253 
pK, 101 
formyl, use in nomenclature, 80 


Formylation, 
of aromatic compounds, 655 
of organic compounds, 659 


Fragmentation, of beta-dicarbonyl compounds, 
418 
Fragmentation reactions, in synthesis, 740 
Franck-Condon principle, 1026 
Free energy, and equilibrium, 97 
table, 98 
Free energy of activation (AG), see Activation 


persistent, 916 
propagation, 912 
rearrangements, 995 
reduction, 934 
selectivity, 916 
solvent effects, 919 
stability, 916 
stereochemistry, 919 
substituent effects, 919 
substitution, 924 
substitution by hydrogen, 925 
termination, 912 
Freedom of motion, and entropy, 97 
Freon 11, see Fluorotrichloromethane 
Freon 114, see 1,2-Dichloro-1,1,2,2- 
tetrafluoroethane 
Freon 12, see Dichlorodifluoromethane 
Freons, 356 
Friedel-Crafts reaction, 651 
acylation of aromatic compounds, 654 
alkylation, of aromatic compounds, 651 


p-Fructose, 761, 772 ? 
reaction with phenylhydrazine, 776 


p-Fructose 6-phosphate, 802 
FT- NMR, see Fourier transform NMR 


acid; itenedioic acid 
pK, 186 
Functional group region, 
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Functional groups, 65 
definition, 49 
in synthesis design, 723 
interconversions in synthesis, 732 
priorities in nomenclature, 87 
removal in synthesis, 737 
Furan, 703 
reaction with maleic anhydride (Diels-Alder 
reaction), 589 
reactivity, 714 
synthesis, 706 
Furanose, definition, 766 
Furfural, 
reaction with 2,4-dinitrophenylhydrazine, 
250 


synthesis, 706 
Furfural 2,4-Dinitrophenylhydrazone, synthe- 


sis, 250 


Gabriel synthesis, 

of amines, 374 

for amino acids, 821 
Galactaric acid, synthesis, 769 
p-(+)-Galactose, 760 
D-Galactose, 


oxidation, 769 
reaction with acetone (protection), 780 
‘sweetness, 763 

Gallic acid, 'H-NMR spectrum, 574 

Gas oil, 50 

Gasoline, 50 

Gattermann-Koch synthesis, 659 

Gauche conformations, see Conformations 


definition, 152 


in terpene булн, 871 
IR spectrum, 907 
mass spectrum, 908 
Geranyl pyrophosphate, in terpene biosynthe- 
sis, 871 
Geranylgeraniol, biosynthesis, 872 
Gilbert, Walter, and Nobel prize, 851 
Globular proteins, 843 
-Glucitol, 762 
reaction with benzaldehyde (protection), 780. 
»-Gluconic acid, synthesis, 769 
D-Glucosamine, 762, 816 
synthesis, 781 
D-(*-)-Glucose, 759, 760 
p-Glucose, 70, 761 
hemiacetal, 225 
in cellulose, 793 
in starch, 791 
oxidation, 769 ат 
reaction with phenylhydrazine, 776 
structure, 765 
structure determination, 776 
Рае 763 


ты wp? Я photosynthesis, 802 
a-D-Glucose, 7 

B-»-Glucose, de 

»-Glucose 6 phosphate, 802 
»-Glucose-1- ^C, synthesis, 781 
a-p-Glucosidase enzyme, 787 
Glucovanillin, 783 
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D-Glutamic acid, 817 
Glutamic acid, 251, see also 2-Aminopen- 
lioic acid 


Physical properties, 814 
pl, 819 
pK, 819 
Synthesis, 821 
Glutamine, 
physical properties, 814 
pl, 819 
pK, 819 
Glutaramide, dehydration, 290 
Glutardiamide, see Pentanediamide 
Glutaric acid, рК, 186, see also Pentanedioic 
acid 
Glutaric anhydride, see Pentanedioic anhydride 
Glutarimide, synthesis, 290 
Glutaronitrile, see Pentanedinitrile 
Glyceraldehyde, 169, see also 2,3- 
Dihydroxypropanol 
‘stereoisomers, 169 
(R)-(+)-Glyceraldehyde, absolute configuration, 
169 


(S)-(—)-Glyceraldehyde, absolute configuration, 
169 


»-(*)-Glyceraldehyde, 759, 760 
1-(-)-Glyceraldehyde, 759 
»-Glyceraldehyde 3-phosphate, 801, 802 
Glycerol, 280, see ет 

sweetness, 763 
Glycerol trinitrate, 314, see also Nitroglycerin 
Glycine, 76 

Physical properties, 813 

pl, 819 

pK, 819 

reaction with tert-butoxycarbonylchloride, 

834 


titration curve, 818 
Glycocholic acid, 883 
Glycogen, 792 
Glycolic acid, see 2-Hydroxyethanoic acid 
Glycols, see also 1,2-diols 
definition, 66 
cleavage by periodic acid or lead tetraacetate, 
504 


Glycolysis, 803 
Glycone, definition, 782 
Glycosides, 771, 782 " 
Glycosidic bond, 771 
Glycosol halides, 784 
Glycosphingolipids, 866 
Glycylalanine, synthesis, 834 
Glyoxal, see Ethanedial 
Glyptal, 971 
Gomberg, Moses, and free radicals, 911 
"Gomberg dimer," 911 
Gramine, hydrogenolysis, 385 
Grandisol, synthesis, 1034 
Grandlure, 895 
Greases, 50 
Greek letters in carboxylic acid nomenclature, 83 
Grignard, Victor, and Nobel prize, 242 
Grignard reaction, 242 
addition vs. reduction, 245 
mechanism, 243 
reduction by, 245 
Grignard reagents, 
in conjugate addition, 586 
in synthesis, 246 
mechanism of reaction with esters, 298 
with esters, 298 
with carbonyl compounds, 243 
nucleophilic addition, 
to carbon dioxide, 244 
to carbonyl compounds, 242 
to nitriles, 255 
nucleophilic substitution, 295 
reaction with esters, 296 
reaction with water, 244 
synthesis limitations, 244 


Guests, in cation solvation, 342 
D-(—)-Gulose, 760 


Half-acid-half-ester, 274 
Half-wave potentials, 1043 
Halides, as nucleophiles, 351 
Haloalkanes, 


from hydre tion of alkenes, 107 
reaction with water (substitution), 360 
synthesis, 


resonance effects, 200 
Halogenated hydrocarbons, and the environ- 


of aromatic compounds, 643 
ж 3 


orientation in electrophilic aromatic substitu- 
tion, 626 
Halohydrins, 530 
Halonium ion, in halogenation, 645, see also 
Bromonium ion; Chloronium ion 
Halothane, as anesthetic, 367 
Hammett equation, 632 
and free radical reactions, 919 
Hantzsch synthesis, 709 
Hassel, Odd, 
and conformational analysis, 140 
and Nobel prize, 140 
Haworth formulas, 767 
Haworth, Walter, and Nobel prize, 767 
Heat of combustion, 
and angle strain, 141 
of cyclohexane, 141 
of cycloalkanes, table, 142 
Heat of reaction, 42, see also Enthalpy 
Heats of hydrogenation, 203 


cis-cis-2,4-Heptadiene, 157 
cis-trans-2,4-Heptadiene, 157 
trans-cis-2,4-Heptadiene, 157 
trans-trans-2,4-Heptadiene, 157 
Heptanal, synthesis, 215, 502 
Heptane, 

"H-NMR spectrum, 1144 

physical properties, 52 


Heptanoic acid, reaction with heptanoyl chlo- 
ride, 288 
Heptanoic anhydride, synthesis, 288 
1-Heptanol, 
reaction with chlorochromate (oxidation), 215 
reaction with chromium trioxide (oxidation), 


502 
synthesis, 934 
2-Heptanol, synthesis, 326 
2-Heptanone, synthesis, 420, 424 
3-Heptanone, “C-NMR spectrum, 263 
4Heptanone, C-NMR spectrum, 264 


definition, 72, 703 
five-membered ring, reactions, 713 
Heterocyclic aromatic compounds, 703 
synthesis, 706 iS 
Heterolytic bond cleavage, definition, 120 
Hexachlorophene, 718 
E-10-Z-12-Hexadecadien-1-ol, 894 
Hexadecanoic acid, 280 
1,1,1,3,3,3-Hexadeuterio-2-bromopropane, reac- 
tion with base (elimination), 467 
1,5-Hexadiyne, synthesis, 499 
Hexahelicene, and asymmetry, 175 
Hexamethylbenzene, physical properties, 63 
Hexamethyldialuminum, 994 
Hexamethylenediamine, polymerization with 
adipic acid (nylon), 967, see also 1,6- 
Hexanediamine 
Hexamethylenediisocyanate, polymerization 
with tetramethylene тан (polyure- 
thane), 956 
Hexamethylphosphoric triamide (HMPT), 
as polar protic solvent, 340 
dielectric constant, 338 
Hexane, 56 
Physical properties, 52 
Hexanedial, synthesis, 552 
1,6-Hexanediamine, in nylon synthesis, 284 
1,4-Hexanedinitrile, 86, see also Adiponitrile 
Hexanedioic acid, 
ERE synthesis, 284 
Physical properties, 84 
2,5-Hexanedione, in heterocycle synthesis, 707 
Hexanenitrile, synthesis, 506 
Hexanoic acid, 
physical properties, 84 
synthesis, 424 
1-Hexanol, 


3-Hexanone, synthesis, 543 
1,3,5-Hexatriene, resonance energy, 204 
cycloaddition, Móbius-Hückel analysis, 1012 
Theanine, 
at of hydrogenation, 207 
stabilization energy, 207 
Z-1,3,5-Hexatriene, 
heat of hydrogenation, 207 
stabilization energy, 207 
1-Hexene, 
physical properties, 60 
reaction with diborane (hydroboration), 541 
synthesis, 363 
1-Hexen-3-ol, "H-NMR Spectrum, 1145 
Hexoses, definition, 759 
2- ;, synthesis, 429 
Hexyl benzenesulfonate, 
reaction with potassium tert-butoxide (substi- 
tution), 363 


Hexyl benzenesulfonate (Соп): 
reaction with sodium methoxide (substitu- 
tion), 363 
Hexyl methyl ether, synthesis, 363 
2-Hexyloxirane, see 1-Octene oxide 
1-Нехупе 
IR spectrum, 1102 
physical properties, 65 
2-Hexyne, physical properties, 65 
3-Hexyne, 
physical properties, 65 
reaction with bromine (addition), 531 
reaction with disiamylborane, 543 
High dilution techniques for cyclizations, 935 
Highest energy occupied molecular orbital 


(HOMO), 597 
Hinsberg test, 304 
Histidine, 

physical properties, 814 
pl, 819 
pK, 819 


НМРТ, see Hexamethylphosphoric triamide 

Hoffmann Roald, and Nobel prize, 595 

Hofmann degradation, 494, see also Hofmann 
elimination 

Hofmann elimination, 492 - 

Hofmann exhaustive methylation, 494, see also 
Hofmann elimination 

Hofmann orientation, in elimination, 475 

Hofmann rearrangement, 984 

stereochemistry, 985 

HOMO, see Highest energy occupied molecular 
orbital 

HOMO-LUMO, method of orbital symmetry 
analysis, 597 

Homogeneous catalysis, 559 

Homologous series, definition, 51 

Homolytic cleavage, definition, 121 

Homopolymers, definition, 946 

Hosts, in cation solvation, 342 

Hückel rule for aromaticity, 205, 612 

Hiickel system, in orbital symmetry analysis, 
1011 

Hund’s rule, 29 

Hunsdiecker reaction, 923 

Hybrid orbitals, 


Hybridization, 
and polyene stability, 206 
of strained carbocycles, 163 

Hydrates, 228 


of alkynes, 537 
of carbonyl compounds, table, 228 
substituent effects, 521 
Hydrazides, 986 
Hydrazine, 
as nucleophile, 377 
in ide analysis, 
Сы елке з Е with acid (rear- 
. rangement), 1016 


nucleophilic substitution, 
on carboxylic ‹ acid derivatives, 291 


Hydroboration, 
of alkenes, 541 
of alkynes, 543 
stereochemistry, 541 


from carbon monoxide-hydrogen, 563 
mass spectral fragmentation patterns, 1126 


by hydrogenation of alkenes, 549 

by hydrogenolysis, 385 

by reduction, 384 

inm substitution of organometallic reagents, 


нуво acid, pK, 101 


addition to unsaturated bonds, 106 
molecular orbitals, 31 
Hydrogen atom, electron configuration, 29 
Hydrogen atom abstraction and radical reactiv- 
ity, 915 


addition to carbonyl compounds, 223 
addition to alkenes, 534 
pK, 101 


cyanide, 
addition to carbonyl compounds, 219 
pK, 100 
Hydrogen fluoride, pK,, 101 
Hydrogen fluoride-antimony pentafluoride, 


Кш 106 
asa uites test for unsaturation, 106, 


of carboxylic acid derivatives, 270, 276 
of 2-chloro-2-methylpropane, 319 
of esters, 277 


of peptides, 823 
Hydronium ion, pK,, 101 
Hydroquinone, 680, see also 1,4-Dihydroxyben- 


electrooxidation, 1056 
Hydrotropes, 1051 
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Hydroxamic acids, Lossen rearrangement, 986 
Hydroxy, use in nomenclature, 67 
21 -Hydroxyacetonitrile; see 2- 
Hy enitrile 
o-Hydroxyanisole, reaction with hydrogen bro- 
mide, 365 
p-Hydroxyazobenzene, synthesis, 647 
Hydroxybenzene, 70, see also Phenol 
2-Hydronybenzenecarbonyle acid, physical 
properties, 84 
p-Hydroxybenzyl alcohol, synthesis, 658 
2-Hydrowybenzyleydohexanone, synthesis, 406 
3-Hydroxybutanal, synthesis, 404 
4-Hydroxybutanal, hemiacetal formation, 225 
4-Hydroxybutanoic acid, lactonization, 272 
1-Hydroxybutyl methyl ether, synthesis, 224 
2-Hydroxy-2-butyl methyl ether, synthesis, 224 
y-Hydroxybutyric acid, see 4-Hydroxybutanoic 
acid 


B-Hydroxydiethyl sulfide, see 3-Thia-1-pentanol 
29-Hydroxy-3,11-dimethyl-2-nonacosanone, 
synthesis strategy, 898 
2-Hydroxyethanenitrile, synthesis, 220 
2-Hydroxyethanoic acid, physical properties, 84 
9-Hydoqqufucrenecartgre acid, synthesis, 


нее, 
Hydroxylakylation, 658 
Hydroxylamine, reaction with carbonyl com- 
pounds, 249 
Hydroxylamine-O-sulfonic acid, 990 
Hydroxylation, 
of alkenes, 546 
stereochemistry, 546 
1-Hydroxy-3-methylbenzene, 71 
еврею, 7 
4-Hydroxy-3-methylbenzophenone, synthesis, 
656 


2-Hydroxy-3-methyl-2-butyl methyl ether, syn- 
thesis, 225 


3-Hydroxy-2-methylpentanal, reaction with 
(aldol reaction), 407 
4-Hydroxy-4-methyl-2-pentanone, 
13С-ММЕ spectrum, 443 


synthesis, 405 
2, bip Hydroxymethyi- -1,3-propanediol, see 
Penta 
2-Hydroxynitriles, be nalts drins 
2,2-Di(para-hydroxyphenyl)propane, synthesis, 
658 


2-Hydroxy-3-phenylpropanenitrile, synthesis, 
220 

2-Hydroxy-1-phenyl-2-propylthioethanone, syn- 
thesis, 231 


4-Hydroxyproline, 817 
2-Hydroxypropanenitrile, synthesis, 220 
24 iydronypropanoie acid, physical properties, 


24 Ehud acid, synthesis, 238, see 
also Lactic acid 
Hyperconjugation, 
and alkene stability, 207 
definition, 206 
of tert-butyl carbocation, 208 
Hyperfine splitting, in EPR spectra, 938 
Hypohalous acids, addition to alkenes, 530 


р-(—)-1дозе, 760 
IHD, see Index of hydrogen deficiency 
Imidazole, 718 
Imides, 290 
Imines, 
nucleophilic addition, 253 
PH effect on formation, 249 
synthesis, 248 
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Indan, see 2,3-Dihydroindene 
Indene, 719 
Index of hydrogen deficiency (IHD), and mo- 
lecular formula, 19 
Indoles, synthesis, 708 
Inductive effects, 
definition, 183 
of electronegative atoms, 184 
of halogen atoms, 184 
of various groups, table, 185 


on acidity, 184 
Infrared spectroscopy, characteristic absorp- 
tions, 1097 
Infrared ), 1095 
ld, and configurational priority, 159 
т 762 Les 
Inositols, 762 


Insertion, in organometallic processes, 559 

Insulin, amino acid sequence, 828 

Intermolecular, definition, 69 

Internal conversion, of photoexcited states, 
1026 

Intersystem crossing, of photoexcited states, 
1027 


Intramolecular cyclization, 380 
Inversion, in the Syl reaction, 327 
Inversion st istry, 
Invert sugar, 761, 763, 787 
Invertase enzyme, 763, 787 
Iodide, 351, see also Halides 
Iodine number, 526 
Iodoacetic acid, pK,, 184 
Iodobenzene, physical properties, 78 
1-lodobutane, synthesis, 353 
p-lodo-tert-butylbenzene, synthesis, 673 
lodoethane, 
physical properties, 78 
reaction with sodium disulfide (substitution), 
370 
reaction with sodium isocyanate (substitu- 
tion), 378 


Grignard reaction, 243 

physical properties, 78 

reaction with hydrazine (substitution), 378 

reaction with lithium aluminum hydride (re- 
duction), 384 

reaction with sodium azide, 341 

reaction with triethyl phosphite (substitu- 
tion), 379 


reaction with triphenyl phosphite (substitu- 
tion), 378 
synthesis, 353 
1-odo-1-methylcyclohexane, synthesis, 523 
5-lodo-5-methyl-I-hexyne, 77 
2-Iodooctane, inversion in the Sy2 reaction, 
323 


1Нодоргорапе, reaction with hydrazine (sub- 
stitution), 377 
Ton pair, definition, 354 
Ton-exchange resins, 959 
Ionic bond, definition, 10 
Ionization, in mass spectrometry, 1120 
а-Топопе, synthesis, 555 
B-lonone, 752 
synthesis, 555 
Ipso substitution, 648 
IR, see Infrared spectroscopy 
Isoamide, 254 
Isobornyl chloride, synthesis, 993 
Isobutane, see also 2-Methylpropane 
physical properties, 52 
reaction with isobutylene, 555 
Isobutyl acetate, reaction with base (Claisen 
reaction), 413 
Isobutyl acetoacetate, synthesis, 413 
Isobutyl alcohol, see 2-Methyl-1-propanol 
Isobutyl bromide, see 1-Bromo-2-methylpropane 


Isobutyl chloroformate, in peptide synthesis, 
835 


Isobutyl group, 57 
Isobutyl methyl sulfide, synthesis, 369 
Isobutylene, 60, 554, see also 2-Methylpropene 
polymerization, 954 
reaction with isobutane, 555 
Isobutyric acid, 84, see also 2-Methylpropanoic 
acid 
Isocitric acid, 437 conversion to citric acid, 492 
anates, as nucleophiles, 378 
ene 742 
Isodurene, see 1,2,3,5-Tetramethy 
Isoelectric point (pl), definition, 818 
ic, definition, 25 


3-Isopentenyl pyrophosphate, in terpene bio- 
synthesis, 869 

Isopentyl group, 57 

Isophthalic acid, see Benzene-1,3-dicarboxylic 
acid 


Isoprene, 556, 867, see also 2-Methyl-1,3-butadi- 


Isopropyl methyl ketone, see 3-Methyl-2- 
butanone 
1 thi te, synthesis, 370 
Isopropy! SEI зун 1 


yIsulfonium bromide, reaction 
with base (elimination), 473 
4-Isopropylheptane, 57 
lsopropyl-4-methylbenzene, reaction with ni- 
tronium acetate (nitration), 649 
3-Isopropyl-2-methyl-3-hexanol, synthesis, 
245 


isopropykó methylnaphthalene, synthesis, 


IUPAC, definition, 53 
IUPAC Nomenclature, 48 


Jubavione, synthesis strategy, 454 
Juvenile hormones, 896 


Kekulé, 

and carbon-carbon bonding, 5 

and cyclic structures, 5, 6 

and tetravalence of carbon, 5 

structures for benzene, 195 
Kendrew, John, and Nobel prize, 843 
Keratin, 964 


Kerosene, 50 
Ketals, 226 
as protecting groups, 366, 736 
Ketene, 314 reaction with acetic acid, 289 
Keto-enol tautomerism, 399, see also Enolization 
a-Ketoglutaric acid, 251, 437, see also 2- 
ioic acid. 
Ketohexose, definition, 759 
Ketones, 79, 214, see also Carbonyl compounds 
nomenclature, 79 


synt 
by Friedel-Crafts reactions, 654 
by Grignard addition to nitriles, 255 
by hydration of alkynes, 537 
by oxidation of alcohols, 502 
by oxidative cleavage of diols, 505 
ozonolysis of alkenes, 552 
from acyl halides, 298, 299 
from alcohols by oxidation, 215 
from carboxylic acids, 300 
imes, 987 


Ketyls, 934 
Kiliani-Fischer tion, 774 
Kinetic control of product formation, 579 
Kinetic energy, definition, 41 
Kinetic isotope effect, 466 
in electrophilic aromatic substitution, 618 
in sulfonation, 646 
Kinetics, 127 
of Syl reactions, 319 
ОЁ Sy2 reactions, 321 
“Knockout drops,” see 2,2,2-Trichloro-1,1- 
ethanediol 
Knoevenagel condensation, 458 
Kodel, 969 


= 


1, see Levorotatory, 166 
[feme 


1-(4--Lactic acid, co ion, 815 
Lactic acid, 238, see also 2-Hydroxypropanoic 
acid 


Lavoisier, and combustion, 3 
LCAO, see Linear combination of atomic 
orbitals 
LDA, see Lithium diisopropylamide 
Le Bel, 
and optical activity, 164 
and tetrahedral carbon, 5 
Lead tetraacetate, as reagent for diol cleavage, 
504 


Leaving groups, 
basicity, 268 
bond energies, 270 
in nucleophilic substitution, 327 
table, 351 
reactivity, 268, 269 
table, 269, 328 
Lecithins, 865 
Leucine, 
physical properties, 813 
pl, 819 
РК», 819 
synthesis, 822 
Levorotatory (І), definition, 166 
Lewis, Gilbert, 
and bonding, 10 
and electron pairs in bonding, 11 
electron dot formulas, 12 
Lewis acids, see also Acids 
acidity, 103 
definition, 118 
as polymerization initiators, 953 
Lewis bases, definition, 118, see also Bases 
Lewis formula, 
of ethane, 13 
of ethene, 14 
of ethyne, 14 
of methane, 12 
of methanol, 13 
Lexan, 970 
Lichenan, 795 
Liebig, 
and combustion analysis, 3 
and isomerism, 4 
Light reactions, of photosynthesis, 800 
Lignin, 793 
Ligroin, 50 
“Like dissolves like” and solubility, 69 
Limonene, 868, 873 
Linear combination of atomic orbitals (LCAO), 
30 


Linear free-energy relations, see Hammett 
equation 
Linear hydrocarbons, definition, 51 
Linoleic acid, 860 
Linolenic acid, 860 
in prostaglandin synthesis, 886 
Linseed oil, composition, 861 
Lipase enzyme, and lipid hydrolysis, 861 
Lipids, 859 
free radical oxidation, 933 
Lipoic acid, 849 
Lithium aluminum deuteride, 384 
Lithium aluminum hydride, 
reaction with carbonyl groups, 232 
reaction with carboxylic acid derivatives, 
291 
reaction with water, 232 
reduction mechanisms, 233 
reduction selectivity, 295 
Lithium borohydride, 
in peptide analysis, 826 
reduction of esters, 292 
Lithium dibutylcuprate, 388 
Lithium dlisopropyisasie (LDA), 414 
preparation, 426 
Lithium tri-tert- butoxyaluminum hydride, re- 
duction selectivity, 293 
Lithium trebylborchydride, 384 
Living polymer, 970 
Lobes, and atomic orbitals, 28 


Lock-and-key mechanism of enzyme catalysis, 


Lucite, see Polymethyl methacrylate 
LUMO, see Lowest energy unoccupied molecu- 
lar ec 


DE 
Lysergic acid, 703 
Lysine, 

physical properties, 814 

pl, 819 

pK,, 819 
Lysozyme, amino acid sequence, 831 
p-Lyxonic acid, synthesis, 774 
р-(—)-Гухозе, 760 

synthesis, 775 


and chemical shift, 1086 

and coupling constants, 1086 

and resonance, 1068 
Magnetic moment, in NMR, 1065 
Magnetic sector separation of ions, 1120 
Magnetically nonequivalent atoms, 1078 
Malathion, 307 
Maleic acid, 158, 552, see also Z-Butenedioic 

acid; cis-Butenedioic acid 

pK, 186 

Maleic anhydride, 158, see also Butenedioic 


polymerization with styrene, 957 

reaction with 1,3-butadiene (Diels-Alder reac- 
tion), 589 

reaction with furan (Diels-Alder reaction), 
589 


Malonic acid, pK,, 186, see also Propanedioic 
acid 


Malonic ester, 422, see also Diethyl malonate 

Malononitrile, see also Dicyanomethane 
acidity, 422 

Maltase enzyme, 788 

Maltose, 788 


synt 
»-Mannose-1-^C, synthesis, 781 
»-Mannuronic acid, synthesis, 770 
Mero Vladimir, and electrophilic addi- 
tions, 523 
Markovnikov's rule, in electrophilic addition, 
523 
Mass spectrometry, 1120 
fragmentation of aromatic compounds, 1127 
fragmentation of heteroorganic compounds, 
1127 


fragmentation of hydrocarbons, 1124 
McLafferty rearrangement, 1129 


and curved arrows, 120 
and electron movement, 120 
of acetal formation, 227 
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Mechanism (Cont.): 
of acetic acid formation, 562 
of acetone hydration, 230 
of acyl halide formation, 287 
of alkene alkylation, 556 
of alkene hydroxylation, 547 
of alkylboranes to tertiary alcohols, 991 
of amide reduction, 294 
of anionic polymerization, 954 
of anti-Markovnikov addition, 533 
of Baeyer-Villiger rearrangement, 989 
of Beckmann rearrangement, 987 
of benzilic acid rearrangement, 999 
of bromine addition to alkenes, 526 
of Cannizzaro reaction, 237 
of carbonyl compound halogenation, 402 
of carboxylic acid formation, 932 
of cationic polymerization, 555, 954 
of chromic acid oxidation, 502 
of Claisen reaction, 411 
of cyanohydrin reaction, 219 
of decarboxylation, 419 
of dehalogenation, 488 
of dehydration, 490 
of diazonium salt formation, 375 
of N,N'-dicyclohexylcarbodiimide catalyzed 
amide formation, 285 
of electrophilic addition, 519 
of electrophilic aromatic substitution, 617 
of electrophilic conjugate addition, 578 
of enamine formation, 250 
of epoxidation, 545 
of El reaction, 467 
of E2 reaction, 466 
of Eschweiler-Clarke reaction, 253 
of ester hydrolysis, 277 
of ester pyrolysis, 495 
of esterification, 272 
of ether cleavage, 365 
of ether formation, 364 
of Favorskii rearrangement, 997 
of Fischer indole synthesis, 708 
of free radical carbonyl reduction, 934 
of Grignard reagent and esters, 298 
of glycoside hydrolysis, 785 


of Hofmann rearrangement, 984 
of hydroboration, 542 
of hydroboration-oxidation, 990 
of hydroformylation, 561 
of hydrogen-deuterium exchange, 403 
of hydrolysis by chymotrypsin, 846 
of imine formation, 248 
of keto-enol tautomerism, 400 
of lithium aluminum hydride reduction of 
carbonyl compounds, 233 
of nitration, 641 
of nucleophilic aromatic substitution, 
addition-elimination, 663 
aryl cation, 668 
elimination-addition, 666 
of nucleophilic conjugate addition, 582 
of nucleophilic substitution at saturated car- 
bon, 318 
of nucleophilic substitution on carbonyl 
groups, 267 
of oxidation by dimethyl sulfoxide, 504 
of oxidation of aldehydes, 932 
of periodic acid oxidation, 505 
9 pinacol rearrangement, 976 
of polymerization, 952 
of prostaglandin biosynthesis, 888 
of reduction of carboxylic acid derivatives, 
292 
of reduction of nitriles, 225 
of Syl reaction, 319 
of Sy2 reaction, 320 
of sulfide oxidation, 370 
of sulfonation, 646 
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Mechanism (Cont. ): 

of the aldol reaction, 405 
of the Arbusov reaction, 379 
of the E1 reaction, 467 

of the ElcB reaction, 468 
of the E2 reaction, 466 


of vinyl acetate polymerization, 952 

of Wacker process, 562 

of Wagner-Meerwein rearrangements, 975 
of water and haloalkanes, 360 


elimination stereochemistry, 484 
reaction with base (elimination), 484 
Mercaptan, see Thiol 
Mercuric chloride, 103 


in aromatic substitution, 623 
hyrins, 563 

imag see also Formaldehyde 
reaction with cyanide, 220 
resonance structures, 193 
physical properties, 81 

Methanamine, 74, 96, 372, see also Methyl- 

amine 


plane of symmetry, 164 
synthesis, 384 
Methanediol, synthesis, 228 
Methanethiol, 71, 369 
Methanoic acid, physical properties, 84, see also 
Formic acid 
Methanol, 66 
13C-NMR spectrum, 1074 
!H-NMR spectrum, 1074 
as polar-protic solvent, 340 


ysical properties, 813 


P-Methoxybenzaldehyde, 
pK, 101 
reaction with diborane (reduction), 295 
, зге also Anisole 
Leeds m 
Methoxybenzyl alcohol, synthesis, 295 
Methesymetape, ме ini Dinen eias 
physical properties, 


reaction with methyl propanoate (Claisen 
reaction), 415 


Methyl bromide, see Bromomethane 
Methyl bromoacetate, see also Methyl 2- 
bromoethanoate 


methyllithium, 297 
Methyl ethanoate, physical properties, 86, see 
also Methyl acetate 
Methyl ethyl ketone, see 2-Butanone 
Methyl formate, 86, see also Methyl methanoate 
Methyl free radical, 355, 912. 
EPR spectrum, 938 
Methyl p-fructofuranoside, synthesis, 772 


Methyl 2,4-hexadienoate, reaction with di- 
methyl malonate (conjugate addition), 
584 


Methyl mercaptan, see 

Methyl methanoate, physical properties, 86, see 
also Methyl formate 

Methyl 2-methyl-3-phenyl-3-oxopropanoate, 
synthesis, 415 

Methyl m-nitrobenzoate, reaction with water 

Hsu Сащ thesis, 272, 
-oxopropanoate, synthesis, 272, see 

also Methyl pyruvate 

Methyl 3-pentenoate, reaction with lithium alu- 
minum hydride (reduction), 291 

Methyl phenyl ether, see Anisole 

Methyl picrate, see 1-Methoxy-2,4,6-trinitroben- 
zene 


Methyl propenoate, 592, see also Methyl acry- 
late 
reaction with 1-butanol (esterification), 276 


Methyl propionate, see Methyl propanoate 

Methyl pyruvate, 272, see pus Methyl 2- 
oxopropanoate 

Methyl radical, 913 


Methyl sorbate, see Methyl 2,4-hexadienoate 
Methyl transferase enzyme, 371 
m-Methylacetophenone, oxidation, 678 


tei with p-toluenesulfonyl chloride, 


synthesis, 372 
Methylamine, 74, 77, 96, see also Methanamine 


synthesis, 666 

p-Methylaniline, 

diazonium salt reaction with cuprous 
halides, 


phy 
4-Methylbenzenesulfonic acid, reaction with 
hydroxide (nucleophilic substitution), 
665, see also p-Toluenesulfonic acid 
2-Methylbenzoic acid, synthesis, 279 
4-Methylbenzoic acid, 'H-NMR spectrum, 211 


reaction with lithium aluminum hydride, 
reaction with water (hydrolysis), 254, 279 
m-Methylbenzophenone, synthesis, 654 


тец 


o-Methylbenzophenone, synthesis, 654 
р-Мењуі henone, synthesis, 654 
o-Methylbenzyl alcohol, reaction with thionyl 
chloride, 353 
o-Methylbenzyl chloride, synthesis, 353 
o-Methylbenzylamine, synthesis, 255 
7-Methylbicyclo[2.2.1]heptane, 152 
5-Methylbicyclo[2.1.1]-2-hexene, thermal rear- 
rangement, 1001 
6-Methylbicyclo[3.1.0]-2-hexene, synthesis, 
1001 


2-Methyl-2-bromopropane, elimination, 467 
2-Methyl-1,3-butadiene, reaction with hydro- 
gen chloride (conjugate addition), 578 
2-Methyl-1,3-butadiene, 556, see also Isoprene 
2-Methylbutanal, 976 
synthesis, 979 
2-Methylbutane, physical properties, 52 
(S)-2-Methyl-1,2-butanediol, reaction with acid 
(rearrangement), 979 
2-Methyl-1,2-butanediol, reaction with acid (re- 
arrangement), 976 
2-Methyl-2-butanol, synthesis, 242, 361 
3-Methyl-I-butanol, IR spectrum, 1143 
3-Methyl-2-butanol, synthesis, 243 
3-Methyl-2-butanone, 79 
reaction with methanol, 225 
3-Methylbutanoyl azide, Curtius rearrange- 
ment, 986 
2-Methyl-1-butene, 
reaction with diborane (hydroboration), 541 
synthesis, 361, 477 
2-Methyl-2-butene, 
heat of hydrogenation, 207 
stabilization energy, 207 
synthesis, 361, 477, 974 
di(3-Methyl-2-butyl)borane, synthesis, 543 
4-Methylbutyrolactam, see 3-Methyl-2- 
azacyclopentanone 
a-Methylcinnamaldehyde, see 2-Methyl-3- 
phenylpropenal 
Methylcyclohexane, 57 
conformational equilibrium, 147 
physical properties, 52 
2-Methyl-1,3-cyclohexanedione, reaction with 
base (reverse Claisen), 419 
trans-2-Methylcyclohexanol, synthesis, 542 
2-Methylcyclohexanone, reaction with benzyl 
bromide (alkylation), 426 
1-Methylcyclohexene, reaction with hydrogen 
iodide (addition), 523 
3-Methyl-2-cyclohexenone, reaction with or- 
ganocopper reagent (conjugate addition), 
587 


Methylcyclopentane, physical properties, 52 
1-Methylcyclopentanol, price 538 
3-Methylcyclopentanol, 66 
I-Methylcyclopentene, 

!H.NMR spectrum, 572 
hydroboration-oxidation, 542 
oxymercuration-reduction, 538 

3-Methylcyclopentene, 61 
2-Methyl-2,5-decanediol, synthesis, 297 
N-Methyldihydronicotinamide, synthesis, 1053 
N-Methyldodecanamide, reaction with lithium 
aluminum hydride (reduction), 293 
N-Methyldodecanamine, synthesis, 293 
Methylene, 548, 1032 
singlet-triplet conversion, 1033 
Methylene chloride, see Dichloromethane 
Methylene group, definition, 51 
Methylene iodide, see Diiodomethane 
Methylenecyclohexane, synthesis, 432, 497 
Methylenediethylsulfurane, see Diethyl- 
sulfonium methylid 
= see Triphenyl- 
iosphonium methylid 
24 ms 2,» '8-ерохуочаесапе, 895 
N-Methylethylamine, synthesis, 378 
4(L-MethylethyDheptane, 57 


2-Methylheptane, mass spectrum, 1128 

6-Methyl-1,3,5-heptatriene, 62 

5-Methyl-3-heptene, 60 

3-Methyl-é-hepten--one, synthesis strategy, 
744 


2-Methylhexane, 55 

E-3-Methyl-2-Hexere, configuration of, 160 

Z-3-Methyl-2-Hexene, configuration of, 160 

1-Methylisoquinoline, 71 

NJ "Methyllauramide, see Methyl 
dodecanamide 


Methylmanganese IUIS 
N-Methylmethanamine, 75 
N-Methylmethanamine, 74, 28, 373, see also 
Dimethylamine 
physical properties, 77 
3-Methyl-1-(methylthio)butane, 73 


N-Methylmorpholine, C-NMR spectrum, 
1155 

N-Methylnicoti chloride, electroreduc- 
tion, 1053 


N-Methyl-p-nitroaniline, synthesis, 663 
2-Methyl-3-oxapentane, 72 


physical pi 
PE Per E pentane dione, synthesis, 423 
4-Methylpentanoic acid, 82 
4-Methyl-2-pentanol, reaction with thorium 
oxide (dehydration), 491 


2-Methyl-2-pentenal, synthesis, 407 
2-Methyl-2-pentene, 60 

reaction with ozone (ozonolysis), 553 
4-Methyl-3-penten-2-one, 1052 

reaction with organocopper reagent, 587 
4-Methyl-3-penten-2-one, see Mesityl oxide 
4-Methyl-1-pentyne, 64 
3-Methyl-I-pentyn-3-ol 

!H.NMR spectrum, 396 

13C-NMR spectrum, 396 

IR spectrum, 396 

Mass spectrum, 396 
= 1H-NMR spectrum, 


24 Моны, reaction with acetic anhy- 
dride, 656 
4-Methylphenol, synthesis, 665 
m-Methylphenol, 
IR spectrum, 1107 
synthesis, 666 
p-Methylphenol, synthesis, 666 
3-Methyl-3-phenylbutanal, reaction with perox- 
ide (rearrangement), 995 
2-Methyl-2-phenylbutanoic acid, reaction with 
phenyllithium, 300 
p-Methylphenyl--»-glucopyranoside, 784 
4-Methyl-4-phenylhexanoic acid, synthesis, 983 
3-Methyl-3-phenylpentaroic acid, es 983 
2-Methyl-1-phenylpropane, qnae 
24 Мейу-5-рһелуїргорепа, 260 
2-Methylpropanal, 80 
eec with 1- ABRE -1-ргорапопе (aldol 


reaction), 406 
reaction with formaldehyde (aldol reaction), 
405 


2-Methy , synthesis, 283 
2-Methyl-2-propanamine, physical properties, 
7 


РЕ, catalytic dehydrogenation, 


258 propane, 52, s aa Isobutane 
iis acid, reaction with thionyl 
ЮС дере һузїса1 properties, 

MEE |, pl 
ME ес als Isobutyric acid 
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2-Methyl-I-propanol, physical properties, 68 
2-Methyl-2-propanol, 68, 536, see also tert-Butyl 
alcohol 
dielectric constant, 338 
physical properties, 68 
reaction with bromide, 352 
synthesis, 319, 523 
2-Methylpropanoy! chloride, reaction with 
ammonia, 283 
2-Methylpropene, 106 
reaction with water (hydration), 523, 536 
synthesis, 499 
2-Methylpropene, see he Isobutylene 
physical properties, 60 
reaction with 2-methylpropene, 554 
2-Methylpropylamine, synthesis, 986 
3-Methyl-5-propylnonane, 55 
4-Methylpyridine, as carbanion nucleophile, 
712 


N-Methylpyridinium iodide, synthesis, 375 

a-Methylstilbene, see 1,2-Diphenylpropene 

a-Methylstyrene, see 2-Phenylpropene 

Methyl-2,3,5,6-tetramethylbenzoate, synthesis, 
368 


Methylthioacetate, synthesis, 282 

Methylthiomethane, 73, see also Dimethyl sul- 
fide 

N-Methyl-p-toluenesulfonamide, synthesis, 304 

Methyltriphenoxyphosphonium iodide, synthe- 
sis, 378 

Methyltriphenylphosphonium bromide, reac- 
tion with base, 432 

и reaction with sulfuric 
acid (sulfonation), 646 

2-Methyl-4-vinyl-3-heptanol, 67 


Mevalonic acid, in terpene biosynthesis, 870 
Micelle, definition, 280 
Michael reactions, 584 
Eos Finn,” see 2,2,2-Trichloro-1,1-ethane- 


ме aptitudes, 
МИ rearrangements, 996. 
in ionic rearrangements, 977 
Mirror image molecules, 165 
Mirror planes, of conjugated system orbitals, 
597 


Möbius system, in orbital symmetry analysis, 
моны ада analysis of pericyclic reactions, 
Mohr, d angle strain, 142 

Molasses, 761 

Molecular ton (МУ, 


electron configuration, 31 
electron probability, 31 
from atomic orbitals, 31 
shapes, 31 
Molecular rearrangements, 973, see also Rear- 


rangem ents 

Molecular vibrations, of polyatomic molecules, 
1095 

Molecular weights, determination, 1122 


Monomethyl succinate, see Methyl hydrogen 
succinate 
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Monosaccharides, 
Chemical reactions, 764 
conformational formulas, 767 
cyclic structures, 765 
definition, 758 
Fischer formulas, 767 
Haworth formulas, 767 
nomenclature, 759 


Morphine, reaction with N,N,N-Trimethyl- 
phenylammonium ethoxide (substitu- 


tion), 363 
Morpholine, reaction with cyclohexanone 
(enamines), 428 
Mu (и), and dipole moment, 23 
Multiplets, in NMR spectroscopy, 1076 
Multiplicities, of electron spin states, 1025 
Multistep reactions, 124 
a-Multistriatin, 900 
Muscalure, see Z-9-Tricosene 
Mutarotation, 765 
Myoglobin, 563, 844 
Myrcene, 868 
Myricyl cerotate, 861 
Myricyl palmitate, 861 
Myristic acid, 860 


N, in amine nomenclature, 74 
NAD, see Nicotinamide adenine dinucleotide 
NADH, see Nicotinamide adenine dinucleotide 
Naphthacene, 701 
Naphthalene, 612, 694 

oxidation, 696 

reaction with benzoyl chloride (acylation), 

697 


reaction with bromine (bromination), 697 
reaction with nitric acid (nitration), 697 
reaction with sulfuric acid (sulfonation), 698 
reactivity, 696 
resonance energy, 205, 696 
resonance structures, 197, 696 
substituent effects on substitution, 699 
synthesis, 499, 695 
a-Naphthalenesulfonic acid, synthesis, 698 
P-Naphthalenesulfonic acid, synthesis, 698 
a-Naphthylacetic acid, synthesis, 983 
B-Naphthylamine, 702 
4-(1-Naphthyl)butanoic acid, 695 
1-(2-Naphthyl)-1-butene, synthesis, 487 
Natta, Giulio, and Nobel prize, 956 
Natural gas, composition of, 50 
NBS, see N-Bromosuccinimide, 924 
Nef reaction, 775 
Neighboring group assistance, in rearrange- 
ments, 981 
Neighboring group effects, 
in rearrangements, 993 
stereochemistry, 382 
Neighboring group participation, 379, 381 
Neohesperidine dihydrochalcone, 764 
sweetness, 763 
Neomethyl chloride, 
elimination stereochemistry, 484 
reaction with base (elimination), 484 
Neopentane, see 2,2-Dimethylpropane 
Neopentyl alcohol, reaction with acid (rear- 
rangement), 974, see also 2,2,-Dimethyl- 
1-propanol 
Neopentyl chloride, see 1-Chloro-2,2-dimethyl- 
propane 
Neopentyl group, 57 
Neostigmine bromide, 307 
Nerol, 873 
Neutron diffraction analysis, 843 
Newman projection formulas, for three-dimen- 
sional drawings, 135 
Niacin, 704 


Nicotinamide, 
reaction with hypobromite (rearrangement), 
984 


reaction with phosphorus pentoxide (elimi- 
nation), 506 
Nicotinamide adenine dinucleotide (NAD+, 
NADH), 238, 799, 848 
Nicotine, 755, 896 
"H-NMR spectrum, 514 
Nicotinic acid, see Niacin 
Nicotinonitrile, synthesis, 506 
Ninhydrin, reaction with amino acids, 823 
Nitration, mechanism of aromatic compounds, 
639, 641 
Nitrenes, 985 
Nitric acid, pK,, 101 
-nitrile, use in nomenclature, 86 
Nitriles, 
mechanism of reduction, 255 
nucleophilic addition, 254 
reaction with Grignard reagent, 255 
reaction with water (hydrolysis), 279 
reduction, 254 
synthesis, 
by elimination, 505 
by substitution of cyanide, 385 
m-Nitroaniline, diazonium salt reaction with 


p-Nitrobenzaldehyde, reaction with hydroxide 


( reaction), 236 
Nitrobenzene, 
dipole moment, 209 
reaction with chlorine (chlorination), 623 
synthesis, 642 
p-Nitrobenzoic acid, 
reaction with phosphorus pentachloride, 287 
synthesis, 236, 678 
P-Nitrobenzoyl chloride, synthesis, 287 
p-Nitrobenzyl alcohol, synthesis, 236 
P-Nitrochlorobenzene, reaction with methyla- 
mine (nucleophilic substitution), 663 
5-Nitro-3-furfural, synthesis, 714 
Nitrogen ylids, 1000 
Nitroglycerin, 314, see also Glycerol trinitrate 
Nitromethane, 
formal charges, 25 
reaction with benzaldehyde (enolate conden- 
sation), 431 
a-Nitronaphthalene, synthesis, 697 
B-Nitronaphthalene, synthesis, 697 
Nitronium ion in nitration, 641 
m-Nitrophenol, 
PK, 100 
synthesis, 621, 641, 668 
o-Nitrophenol, synthesis, 621, 641 
p-Nitrophenol, 
absorption spectrum, 1119 
acidity, 199 
pK, 100 
reaction with formaldehyde, 659 
synthesis, 621, 641 
2-Nitro-1-phenylethene, synthesis, 431 
5-Nitro-2-propoxyaniline, sweetness, 763 
3-Nitropyridine, synthesis, 711 
Nitroso compounds, as carcinogens, 702 
Nitroso salts, 375 
N-nitrosoamines, 375 
N-Nitrosodimethylamine, 702 
N-Nitrosopyrrolidine, synthesis, 375 
Nitro-stabilzed anions, as nucleophiles, 430 
2-Nitrostyrene, see 2-Nitro-1-phenylethene 
m-Nitrotoluene, synthesis, 640, 642 
o-Nitrotoluene, synthesis, 640, 642 
p-Nitrotoluene, 
oxidation, 678 


p-Nitrotoluene (Cont.): 
reaction with bromine (bromination), 643 
synthesis, 640, 642 

Nitrous acid, 374 
for amino acid synthesis, 822 
pK, 101 

Nitroxyl free radicals, 939 

NMR, see Nuclear magnetic resonance spec- 


numbering, 54, 59, 61, 62, 64 
of acyl halides, 83 

of alcohols, 66 

of aldehydes, 79 

of amides, 85 


of ketones, 79 

of monosaccharides, 759 

of oligosaccharides, 789 

of organohalogen compounds, 76 
phenols, 70 

priorities, 87 

Priorities, table, 87 

root names, table, 54 

thioesters, 71 


Nonanedioic acid, synthesis, 554 

Nonanenitrile, synthesis, 386 

Nonanoic acid, synthesis, 554 

7-Мопапок lactone, reaction with methylmag- 
nesium bromide, 297 

5-Nonanol, synthesis, 297 

Nonbonded repulsions, 40, 139 

Nonbonding electron pairs, definition, 13 

Nonclassical carbonium ions, 994 

1-Мопепе, physical properties, 60 

1-Мопупе, physical properties, 65 

Norbornane, 151 

Norbornene, 162, 1058, see also Bicyclo[2.2.1]- 
2- 

exo-2-Norbornyl acetate, synthesis, 993 

2-Norbornyl brosylate, reaction with acetic acid 
(rearrangement), 993 

Norbornyl cation, 994 

Norcarane, see Ві rclo[4.1.0}hey е 

орет 

Norethylnodrel, 884 

Normal hydrocarbons, definition, 51 

Normal hydrogen electrode, 1042 

Norrish, Ronald, and Nobel prize, 1030 

Norrish type I cleavage, 1030 


Nuclear magnetic resonance spectroscopy 
(NMR), 1065 
aromatic ring current, 615 
ical: shis 
decoupling, 1086 
peak areas, 1075 
spin-spin splitting, 1076 


Nuclear spin states and NMR splitting, table, 
1079 


Nucleic acids, 849 
Nucleophiles, 
definition, 117 
in nucleophilic substitution, 329 
products of substitution, table, 350 
relative reactivities in nucleophilic substitu- 
tion, 331 
table of, 118 
Nucleophilic addition patterns, table, 447 
Nucleophilic additions, 119 
by alcohols, 224 
by carbanions, 242 
by cyanide, 219 
by water, 228 
in synthesis, 444 
of amines, 248 
of hydride, 231 
of thiols, 231 
to a carbonyl group, 217 
acid catalysis, 217 
to imines, 253 
to nitriles, 254 
Nucleophilic aromatic substitutions, 662 
mechanisms, 662 
Nucleophilic substitutions, 119 
by alcohols, 271 
by carbanions, 295 
by carboxylic acids, 288 
by hydride, 291 
by organometallic reagents, 295 
by thiols, 281 
by water, 276, 360 
in synthesis, 444 
on acyl halides, 286 
on anhydrides, 286 
оп cyclic compounds, 337 
on phosphoric acid derivatives, 305 
оп sulfuric acid derivatives, 302 
vs. elimination, 361 
vs. nucleophilic addition, 267 


Nucleophilic substitutions at saturated carbon, 


316 

competing reactions, 356 

electronic effects, 335 

leaving groups, 327 

mechanism, 318 

nucleophiles, 329 

nucleophile-substrate combinations, 349 

patterns in synthesis, table, 447 

solvent effects, 338 

solvolysis, 342 

Syl vs. Sy2, 343 

steric effects, 336 

structural effects, 333 
Nucleophilicity, 

and steric effects, 332 

relation to basicity, table, 329, 330 
Nucleosides, 796 

derived from nucleic acids, 796 

hydrolysis, 796 


Nylon-6, synthesis, 955, 966 
Nylon-66, synthesis, 284, 966 


Ocimene, 868 

рей 561 

1-Octadecanamine, synthesis, 377 

9-Octadecenoic acid, reaction with ozone 
(ozonolysis), 554 

1-Octadecanol, ааа 

1-Octadecene, synthesis, 496 

9-Octadecenoic acid, 280 


Z-9-Octadecenoic acid, reaction with potassium 


permanganate (hydroxylation), 546 
2,6-Octadiene, synthesis, 1001 
Z,E-2,6-Octadiene, synthesis, 1005 
оке, synthesis, 504 


mass Бан 1128 
physical properties, 52 
synthesis, 384, 387 
Octane rating, of alkanes, 555 
Octanoic acid, physi ies, 84 
5 physical properties, 
dehydrogenation, 504 
reaction with phthalic anhydride (esterifica- 
tion), 301 


4-Octanone, synthesis, 537 
E,Z,E-2,4,6-Octatriene, thermal rearrangement, 
1007 


1-Octene, 
physical properties, 
о рә асай acid (epoxidation), 


ео 486 
1-Octene oxide, synthesis, 544 
2-Octyl hydrogen phthalate, 
reaction with water (hydrolysis), 301 
thesis, 301 
2-Octyl tosylate, reaction with lithium triethyl- 
borohydride (reduction), 384 
1-Octyne, 
physical properties, 65 
reaction with base (elimination), 500 
2-Octyne, synthesis, 500 
4-Octyne, reaction with water (hydration), 
537 


Oil of lemon grass, see Citral 
Oils, 859 


composition, table, 861 
Olah, George, and carbocations, 981 
Olefins, definition, 59 
Oleic acid, 960, see also 9-Octadecenoic acid 
Oleum, 646 
Oligosaccharides, 786 

definition, 758 


Organocopper reagents, 
in conjugate pee 587 
ition, 299 
reaction with acyl halides, 299 
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Organohalogen compounds, 76 
nomenclature, 76 


physical properties, table, 78 
thesis, 


synthesis, 
by addition of halogens to alkynes, 531 
addition of to alkenes, 525 
by addition of hydrogen halides to al- 
kenes, 531 
by addition of hydrogen halides to al- 
534 


by additions to conjugated dienes, 


Organolithium сароида, 245 
in conjugate addition, 586 
reaction with carboxylic acids, 299 
reaction with esters, 296 


in electrophilic aromatic substitution, 619 
table, 625 

in substitution on anthracene, 698 

in substitution on naphthalene, 697 


Orthophosphoric acid, see Phosphoric acid 
Osazones, 776 

Osmium tetroxide, 546 

Osmocene, 661 

-oxa-, use in nomenclature, 72 


Oxacyclopentane, 
вуза! properties, 73 
2- 5 tanone, synthesis, 272, see also 
RUE UI n 
Oxacyclopropane, properties, 73, 
pp sere е ; Oxirane 
3-Oxahexane, 7 
Oxalic acid, 271, see also Ethanedioic acid 
pK, 186 
Oxaloacetic acid, see also 2-Oxobutanedioic acid 
reaction with acetyl coenzyme A, 417 
Oxalyl chloride, reaction with hydrogen perox- 
ide, 1040 
Oxaphosphetane, see Betaine 
Oxazole, 717 


Oxidation, 
of alcohols, 502 
of aromatic compounds, 677 
of carbohydrates, 768 
of free radicals, 931 
Oxidation reactions, 110 
Oxidation states, 
calculation of, 111 
of organic molecules, 110 
Oxidative addition, in organometallic proc- 
esses, 559 
Oxidative decarboxylation, 437 
Oxidative phosphorylation, 804 
Oximes, 249 
Oxirane, 72, 373, 545, see also Ethylene oxide 
synthesis, 380 
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Oxiranes, 544, see also Epoxides 

-Oxo-, use in nomenclature, 79 

2-Oxobutanedioic acid, 417, see also Oxaloacetic 
acid 


9-Oxononanoic acid, synthesis, 505 
7-Oxooctanoic acid, synthesis, 419 
4-Oxopentanal, 80 


Stereochemistry, 538 
Oxymercuration-reduction, for hydration of 
alkenes, 537 


Partial rate factors, 
for naphthalene, 699 
in electrophilic aromatic substitution, 629 
table, 631 


Paal-Knorr syntheses, 707 

Peanut oil, composition, 861 

Pectins, 795 

Pelargonic acid, see Nonanoic acid 
Penicillin V, 285 
Penta-O-acetyl-a-p-glucopyranoside, 784 


Penta-O-acetyl-B-p-glu. , 783 
Pentacydold УА ec 163 
1,1,3,3,3-Pentadeuteriopropene, synthesis, 467 
1,3-Pentadiene, 
heat of hy tion, 207 
Is 
1,4-Pentadiene, 62 
heat of hydrogenation, 207 
stabilization energy, 207 
synthesis, 494 
Pentaerythritol tetranitrate, 314, 458 
Pentamethylbenzene, physical properties, 63 
Pentane, 
dielectric constant, 338 
isomers, 51 


physical properties, 52 


reaction with acid (dehydration), 491 
234 


synthesis, 
2-Pentanone, reaction with sodium borohy- 
dride (reduction), 234 
3-Pentanone, 79 


synthesis, 476 
3-Penten-1-ol, synthesis, 291 
3-Penten-2-one, reaction with phenylmagne- 
sium буты (conjugate addition), 587 


Peroxide effect, 928, see also anti-Markovnikov 
addition. 

Persistent free radicals, 916 

Perutz, Max, and Nobel prize, 843 

Petroleum, definition, 50 

Petroleum ether, 50 

pH, definition, 95 

Phase transfer catalysis, 386 

Phenacetin, 


DC-NMR spectrum, 692 
!H-NMR spectrum, 692 
Phenanthrene, 694 
9.10-Phenanthrenequinone, reaction with base 
(rearrangement), 999 


РК, 100 
reaction with 4-chloronitrobenzene, 665 
reaction with acetone (hydroxyalkylation), 


658 
reaction with dimethyl sulfate (substitution), 
363 


reaction with formaldehyde (hydroxyalkyla- 
tion), 658 
reaction with nitric acid (nitration), 621, 641 
resonance structures, 198 
synthesis, 662 
Phenol cation, pK,, 101 
Phenols, 66 
Phenone, use in nomenclature, 651 
Phenonium ion, 981 
NMR evidence for, 981 
Phenoxide, 198 
Phenoxybenzene, see also Diphenyl ether 
physical properties, 73 
Phenyl acetate, 
"H-NMR spectrum, 1144 
synthesis, 989 
Phenyl acetate, 85, see also Phenyl ethanoate 
Phenyl azide, reaction with diethyl 
butynedioate (dipole addition), 595 
Phenyl cinnamate, see Phenyl 3- 
phenylpropenoate 
Phenyl ethanoate, 85, see also Phenyl acetate 
Phenyl free radical, 926 


L-Phenylalanine, 815 
Phenylalanine, 


physical properties, 813 
pl, 819 
pK, 819 
synthesis, 821 
2-Phenylazo-2-phenylbutane, thermal decom- 
position, 921 
N-Phenylbenzamide, synthesis, 284 
N-Phenylbenzenamine, physical properties, 77, 
see also Diphenylamine 
Phenylbenzene, physical properties, 63 
N-Phenj lamine, synthesis, 253 
1-Phenyl-1,3-butadiene, reaction with chlorine 


PC-NMR spectrum, 463 


1-Phenyl-I-butanone (Cont.): 
!H-NMR spectrum, 462 
IR spectrum, 462 


Mass грос, 463 
4-Phenylbutanoyl chloride, reaction with alu- 
minum chloride (cyclization), 656 
E-2-Phenyl-2-butene, synthesis, 482 
Z-2-Phenyl-2-butene, reaction with bromine 
(addition), 527 
1-Phenyl-2-buten-1-ol, synthesis, 587 
4-Phenyl-3-buten-2-one, 
1Н-ММЕ spectrum, 513 
IR spectrum, 513 
synthesis, 407 
threo-3-Phenyl-2-butyl acetate, synthesis, 981 
erythro-3-Phenyl-2-butyl tosylate, reaction with 
base (elimination), 482 
threo-3-Phenyl-2-butyl tosylate, reaction with 
acetic acid (substitution), 981 


2-Phenyl-I-chloroethane, reaction with super- 
acid, 981 
1-Phen; reaction with chromium 


2-Phenylethanal, reaction with cyanide, 220 
(S)-1-phenylethanamine, synthesis, 985 
2-Pheny ine, synthesis, 374, 385 
2-Phenylethanenitrile, 385 

reaction with benzaldehyde (enolate conden- 

sation), 430 

1-Phenylethanol, 

ІН-ММЕ spectrum, 1151 

IR spectrum, 1151 

synthesis, 246, 543, 999 


physical 

synthesis, 651 
N-2-Phenylethylacetamide, synthesis, 285 
B-Phenylethylamine, see 2-Phenylethanamine 
Phenylhydrazine, 

reaction with acetophenone (in Fischer in- 


N-Phenylhydroxylamine, synthesis, 1050 

2-Phenylindole, synthesis, 708 

Phenylisothiocyanate, reaction with peptides, 
825 


Phenyllithium, 
reaction with benzaldehyde (Grignard addi- 
tion), 657 
synthesis, 241 
Phenylmagnesium bromide, 
reaction with propanal (Grignard addition), 
657 
synthesis, 241 
Phenyimethanamine, physical properties, 77, 
see also ine 
Phenylmethanol, physical properties, 68 
Phenyloxirane, 387, see also Styrene oxide 
4-Phenyl-4-oxobutanoic acid, synthesis, 655 
4-Phenyl-2-pentanone, synthesis, 587 
(S)-2-Phenylpropanamide, reaction with 
hypobromite (rearrangement), 985 


3-Phenyly пос acid, 

СИЕ Spectrum, 1155 

synthesis, 552 
conet 


1-Phenyl-I-propanol, 
13C.NMR spectrum, 263 
JH-NMR spectrum, 262 


T-Phenyl-I-propanol (Cont.): 
IR spectrum, 262 


synthesis, 657 
1-Phenyl-2-propanol, inversion in the Sy2 reac- 
tion, 324 


minum chloride (cyclization), 656 
SPhenyl-2-propenal, reaction with hydride, 


2-Methyl-3-phenyl-2-propenal, synthesis, 407 
1-Phenylpropene, reaction with N-bromosuc- 


3-Phenyl-2-propen-1-ol, synthesis, 232 
Phenylpropiolic acid, see 3-Phenylpropynoic 
acid 


1-Phenylpropyne, 
reaction with hydrogen chloride (addition), 
534 


reaction with hydrogen (hydrogenation), 551 
34 acid 


reaction with diimide (hydrogenation), 552 
synthesis, 500 


Index 1181 


Phthalic acid, see Benzene-1,2-dicarboxylic acid 
Phthalic anhydride, 
reaction with ammonia, 290 


y Picoline, see 4-methylpyridine 
Pinacol, 976, see also 2,3-Dimethyl-2,3-butane- 
diol 


synthesis, 935 
Pinacol rearrangement, 975 
Pinacolone, 976, see also 3,3-Dimethyl-2-buta- 


Polarography, 1042 

Polyalkylation, in Friedal-Crafts alkylation, 653 
Polyamide fibers, 966 

Polycarbonates, 970 

Polycyclic aromatic compounds, 694 


Polyethylene, 

high pressure polymerization, 957 

high-density, 958 

industrial synthesis, 951 

low-density, an т 

low-pressure polymerizat 
Polyethylene glycol (Carbowax), 971 
Polyethylene terephthalate, 968 
Polyisobutene, 954, see also Polyisobutylene 
Polyisobutylene, 958 

868 
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Polymers (Cont.): 


thermoplastic, 948 


ing, 948 
аи oe 
Polyols, definition, 66 
sphoric acid, see Triphosphoric acid 
Pee ae 


Polystyrene, 930, 959 
Polytetrafluoroethylene (Teflon), 970 
Polytetramethylene glycol, 971 
Polyurethanes, 956, 960 
Polyvinyl acetate, 970 

synthesis, 952 
Polyvinyl alcohol, 970 
Polyvinyl chloride (PVC), 958 
Porphin, 563 


Porphyrin, 563 

Potassium hexadecanoate, 280 

Potassium palmitate, see Potassium 
hexadecanoate 


Potassium inate, 546 
test for alkenes, $7 
Potassium phthalimide, 374 
Potential energy, and chemical bonds, 41 
Potential energy, definition, 41 
884 


Prehnitene, see 1,2,3,4-Tetramethylbenzene 
and configurational priority, 159 


Primary structure, of peptides, 823 

Principle of microscopic reversibility, 277 
Prismane, see benzene 

Piang see Tetracyclo[2.2.0.0^5.095]hexane, 


Procaine, see Novocain 


, 701 
Product stability, elimination vs. substitution, 
473 


Progesterone, 882, 884 
Proline, 


physical properties, 813 
pl, 819 


1,2-Propadiene, 489, see also Allene 

Propagation by chain reactions, 913 

Propanal, 80, 112, 553, see also Propional- 
dehyde 


reaction with 3-hydroxy-2-methylpentanal 
(aldol reaction), 407 

reaction with benzaldehyde (aldol reaction), 
407 


reaction with ethanol, 226 
synthesis, 503 
Propanamide, reaction with hypobromite (rear- 
rangement), 984 
1-Propanamine, physical properties, 77 
2-Propanamine, 77 
reaction with nitrous acid, 374 


physical properties, 84 
124 iol, physical properties, 68 
Propanenitrile, 


chloride, 288 
Propanoic acid, physical properties, 84, see also 
Propionic acid 
Propanoic anhydride, 
IR spectrum, 1103 
synthesis, 288 
1-Propanol, 68, 112 
physical properties, 68 
reaction with dichromate (oxidation), 503 
reaction with diethyl sulfate (substitution), 
362 


reaction with phosphorus tribromide, 353 
reaction with sodium, 362 


synthesis, 242 
2-Propanol, 68, 536, see also Isopropyl alcohol 
dielectric constant, 338 
lysical properties, 68 
ЖОЕ 106, 214, see also Acetone 
bromination, 402 


synthesis, 408 
Propene, 15, see also Propylene 
as petrochemical raw material, 50 
heat of combustion, 209 
heat of hydrogenation, 207 
physical properties, 60 
reaction with hydrogen chloride (addition), 


synthesis, 5 
Propionic acid, 84, see also Propanoic aci 
Propionitrile, ee P А 
Propionyl chloride, see Propanoyl chloride 
Propiophenone, synthesis, 298, see also 


Propylbenzene, 551, see also 1-Phenylpropane 
Mass spectrum, 1129 
Physical properties, 63. 


Propylene (Cont.): 

industrial synthesis, 556 

рушса] а 

physical properties, 

reaction with carbon monoxide-hydrogen, 
561 

reaction with hypobromus acid (addition), 
530 


reaction with hypochlorous acid (addition), 
545 


reaction with water (hydration), 536 
Propylene bromohydrin, see 1-Bromo-2-propa- 
nol 


Propylene chlorohydrin, synthesis, 545 
Propylene glycol, see 1,2-Propanediol 
Propylene oxide, industrial synthesis, 545 
Propylenimine, 702 

3-Propyl-I-hexene, 59 

Propylhydrazine, synthesis, 377 
Propylmagnesium bromide, Grignard reaction, 


245 
m-Propylphenylthalliumditrifluoroacetate, syn- 
thesis, 672 
10-Propyl-E-5,9-tridecadienyl acetate, 895 
Propylure, see 10-Propyl-E-5,9-tridecadienyl 
acetal 


te 
Propyne, 106 
physical properties, 65 
reaction with bromine (addition), 525 
reaction with hydrogen chloride (addition), 
523 


Prosthetic groups, definition, 840 
Protease enzymes, for peptide analysis, 827 
groups, 366, 735 
for anilines and phenols in Friedel-Crafts 
reactions, 656 
for peptide synthesis, 833 
in carbohydrate synthesis, 780 
Protein synthesis, 


B-pleated sheet, 843 
denaturation, 844 
primary structure, 840 


В i е 76, see also 1,4-Butanediamine 
; see Polyvinyl chloride 

Pyranose, definition, 766 

Pyrene, 694 

Pyrex, for photochemical apparatus, 1023 
Pyridine, 703 dina 


hilic aromatic substitution, 710 
electroreduction, 1053 


] 


Pyridine (Cont.): 
nucleophilic aromatic substitution, 711 
pK, 100 
reaction with iodomethane (substitution), 375 
reaction with nitric acid (nitration), 711 
reaction with sodamide (nucleophilic substi- 
tution), 711 
reaction with sulfuric acid (sulfonation), 711 
reactivity, 710 
resonance energy, 704 
resonance structures, 704 
Pyridine oxide, 
dipole moment, 201 
synthesis, 712 
Pyridines, synthesis, 709 
3-Pyridinesulfonic acid, synthesis, 711 
2-Pyridone, 712 
Pyridoxal phosphate, as transaminase coen- 
zyme, 252 
Pyrolysis, 495 
Pyrolytic eliminations, 495 
Pyrophosphoric acid, see Diphosphoric acid 
Pyrrole, 612, 703 
reaction with acetic anhydride (acylation), 
714 
resonance structures, 705 
synthesis, 706 
Pyrrolidine, 
in enamine formation, 250 
reaction with cyclohexanone, 250 
reaction with cyclohexanone (enamines), 428 
synthesis, 380 
Pyruvic acid, 238, 251, see also 2-Oxopropanoic 
acid 
asymmetric reduction, 239 


Qiana fiber, 967 
Quadrupole separation of ions, 1121 
Quantum mechanics, 26 
and wave equation, 27 
orbitals, 27 
Quantum numbers, 26 
Quantum yields, 1024 
in benzophenone photoreduction, 1029 
Quartets, in NMR spectroscopy, 1077 
Quartz, for photochemical apparatus, 1023 
Quaternary ammonium salts, 74 
synthesis, 375 
Queen bee substance, see E-9-Oxo-2-decenoic 
acid 
Quinoline, 719 
Quinolines, 709 
p-Quinone, synthesis, 1056 
Quinones, 679 
in photography, 681 


R, as configuration designation, 167 
Racemic acid, 171, see also Tartaric acid 
physical properties, 172 
Racemic compounds (dl), definition, 166 
Racemization, in the Sy] reaction, 326 
Racemization stereochemistry, 322 
Radical pair, in cage reactions, 921 
Radical scavengers, 917 
Raffinose, 789 
sweetness, 763 
Rancidity, in foods, 933 
Randomness, and entropy, 97 
Raney nickel, in hydrogenation, 878 
Rate, in electrophilic aromatic substitution, 
table, 625 
Rate controlling step, 125 
АЧЕ? reactions, 519 
E1 reactions, 467 
Е? reactions, 466 
in electrophilic aromatic substitution, 619 
in enolization, 401 


Rate controlling step (Cont.): 
Syl reactions, 319 
Sy2 reactions, 321 
Rate equation, 127 
Rayon, 966 
viscose, 966 
т.с.5., see Rate controlling step 
Reaction constant (p), 634 
Reaction coordinate, 123 
Reaction energetics, 122 
Reaction kinetics, 127 
Reaction mechanism, definition, 117 
Reactive intermediates, 121 
Reagent, definition, 119 
Rearrangements, 973, see also Molecular re- 
arrangements 
anionic, 997 
during electrophilic addition, 520 
during Friedel-Crafts alkylations, 652 
during nucleophilic substitution, 357 
from boron, 990 
migration origin, 973 
migration terminus, 973 
migratory aptitudes, 977 
orbital symmetry considerations, 1000 


stereochemistry, 978 
to a carbocation center, 973 
to a carbene, 982 
to an electron-deficient atom, 973 
to nitrogen, 984 
to oxygen, 989 
via free radicals, 995 
Rectus, see R 
Red dye no. 2, 702 
Redox reactions, 111 


by NADH, 238 

in free radical reactions, 934 

mechanism of carboxylic acid derivatives, 
292 


mechanism of carboxylic acids, 292 
of amides, 293 
of aromatic compounds, 681, 936 
of carbonyl groups, 231 
of carboxylic acid derivatives, 291 
of nitriles, 254 
of nitroaromatics, 642 
Reduction potential, of organohalogens, table, 
1046 


Reduction reactions, 110 
Redutive amination, 253 
Reductive elimination, in transition metal proc- 
esses, 560 
Reformatsky reaction, 298, 429 
Regiochemistry, of electrophilic additions, 522 
Regioselective, definition, 475 
Regiospecific, definition, 475 
Reimer-Tiemann reaction, 659 
Relative configuration, 168, see also Configura- 
tion 
Relative intensity of mass spectral peaks, 1121 
Replication, by DNA, 851 
Resonance, 
and functional group interactions, 198 
drawing structures, 191 € 
geometrical requirements, 
interacting orbitals, 190 
of aromatic compounds, 195 
Resonance effects, 188 
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Resonance structures (Cont.): 
contributions of, 192 
drawing of, 191 
Resorcinol, see 1,3-Dihydroxybenzene 
Respiration, 804 
Restricted rotation, about single bonds, 137 
Retention stereochemistry, 322 
Retinal, 874 
and vision, 874 
Retinol, see Vitamin A 
Retro Diels-Alder reaction, 606 
Retro-synthetic approach to synthesis, 723 
Reverse Claisen reaction, 418 
Rho (p), see Reaction constant 
Rhodospin, 874 
and vision, 874 
Riboflavin, 704, 799 
Ribonuclease, 839 
Ribonucleic acid (RNA), 849 
р-(-)-В Бозе, 760 
D-Ribose, 761 
Ribulose 1,5-diphosphate, 801 
Ricinoleic acid, 180 
Ring current, in NMR spectroscopy, 615 
Ring flip, see Cyclohexane, conformational in- 
terconversions 
Ring inversion, see Cyclohexane, conforma- 
tional interconversions 
RNA, see Ribonucleic acid 
Robinson annelation, 408, 586 
Robinson, Robert, and Nobel prize, 586 
Rotamers, definition, 137 


Ruthenocene, 661 
Rutherford, Lord, 
and atomic structure, 26 
and Nobel prize, 26 
Ruzicka, Leopold, and Nobel prize, 867 


S, as configuration designation, 167 

Saccharides, definition, 758 

Saccharification, 793 

Saccharin, 679, 764 

Sachse, and angle strain, 142 

Salicylate, pK,, 99 

Salicylic acid, see 2-Hydroxybenzenecarboxylic 
acid 


Samuelsson, Bengt, and Nobel Prize, 885 
Sandmeyer reaction, 670, 928 
Sanger, Frederick, and Nobel prizes, 825, 851 
Sanger reagent, see 2,4-Dinitrofluorobenzene 
Santonin, 1018 
Saponification, definition, 279 
Saturated calomel electrode, 1042 
Saturated hydrocarbons, definition, 12, 50 
Sawhorse formulas, for three-dimensional 
drawings, 135 

Saytzeff orientation, in elimination, 475 
Schiemann reaction, 670 
Schiff bases, see Imines 
Schmidt rearrangement, 986 
Schotten-Baumann reaction, 314 
Schrodinger, Erwin, 

and Nobel prize, 27 

and wave equation, 27 
s-cis, definition, 589 
Scope of aromatic substitutions, see Electro- 

philic aromatic substitution 

Second-order reaction, 127 
Selectivity, 

in free radical reactions, 916 

in synthesis, 734 
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Selenoxides, 
elimination reactions, 498 
synthesis, 498 
Semicarbazide, reaction with carbonyl com- 
pounds, 250 
Semicarbazones, 250 
Semipinacol rearrangement, 976 
Separation of mass spectral ions, 1120 
L-(—)-Serine, configuration, 815 
Serine, 


physical properties, 814 
pl, 819 
pK, 819 


Sigma star (о*) molecular orbital, 32 
igmatropic rearrangements, 1001 
HOMO-LUMO analysis, 1002 
numerical designations, 1001 

Silation, 427 

Silk, 965 

Silver acetylide, synthesis, 388 

Simmons-Smith reaction, 548 

Simple proteins, definition, 840 

Single bonds, hybrid orbitals, 33 

Singlet 1035 


Sites of unsaturation, see Index of hydrogen 
ае 

Skatole, synthesis, 385 

Skraup synthesis, 719 

Slater, and hybrid orbitals, 33 

Sul, see Substitution reactions, nucleophilic, 
unimolecular 


‘Sy2, see Substitution reactions, nucleophilic, 
bimolecular 


Sni, see Substitution reactions, nucleophilic, 
internal 

Soaps, 279 

Sodamide, synthesis, 388, see also Sodium amide 

Sodium acetylide, synthesis, 388 

Sodium amide, 388, see also Sodamide 

Sodium benzenesulfonate, 

reaction with sodium hydroxide (nucleophilic 

substitution), 662 


tion, 254 
Sodium cyclamate, 764 
sweetness, 763 
Sodium esulfonate, 281 


Sodium hypochlorite, as oxidizing reagent, 502 
Sodium hypoiodite, for carbohydrate oxidation, 
769 
(R)-Sodium lacate, see (R)-Sodium-2- 
te 


Sodium p-(1-Methylundecyl)benzenesulfonate, 
synthesis, 646 
Sodium pentothal, as anesthetic, 367 


Sodium propoxide, reaction with iodoethane 
(substitution), 362 

Sodium saccharin, sweetness, 763 с 
(R}Sodium-2-nydroxypropancat, synthesis, 
Solid-phase peptide synthesis, 837 
Solvation, 40, e also Solvent effects 

and acidity, 187 

and steric effects, 187 

of ions, 102 
Solvent cage, in free radical reactions, 921 


on activation energy, 340 
оп nucleophilic substitution at saturated car- 
bon, 362 


substrate specific, 340 
Solvent polarity, 
and nucleophilic substitution, 338 
elimination vs. substitution, 473 
Solvolysis, 342 
Sorbitol, see D-Glucitol 
Soybean oil, composition, 861 
Span, in synthesis design, 730 
Spearmint, see Carvone 
Specific rate constant k, 127 


, 866 
Spin decoupling, in NMR spectroscopy, 1086 
Spin quantum number, definition, 29 
Spin trapping, of free radicals, 938 
$ А 


biosynthesis, 872 
in biosynthesis of cholesterol, 879 
Squalene-2,3-epoxide, in biosynthesis of cho- 
lesterol, 879 


Square planar complex, 558 

Stabilization energies of alkenes, table, 207 
Staggered conformation, see Conformations 
Standard amino acids, definition, 816 
Starch, structure, 791 

Starch-iodide complex, 791 

Starting materials, in synthesis, 725 
Staudinger, Hermann, and Nobel prize, 945 
Stearic acid, 860 

Step-reaction polymerization, 952 


Stereochemical pathways, for nucleophilic sub- 
stitution, 322 


of Beckmann rearrangement, 987 
of bromine addition to alkenes, 526 


of electrocyclic rearrangements, 
of electrophilic additions, 524 
of electroreduction, 1047 

of elimination reactions, 476, 479 
of epoxidation, 544 
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of methylene addition, 1032 
of monosaccharides, 759 
of nucleophilic substitution, 322 


of the Syl reaction, 325 
of the Sy2 reaction, 322 
of Ziegler-Natta catalyst polymerization, 956 
Stereoelectronic factors, in elimination reac- 
tions, 483 


on carbocycle substitutions, 337 
оп esterification, 272 
on solvation, 187 
on the Sy2 reaction, 336 
Steric inhibition of resonance, 201 
Steroid hormones, 882 


itigmasterol, 
Stilbene, 525, see also 1,2-Diphenylethene 
E-Stilbene, 
reaction with peroxyacetic acid (epoxidation), 
545 


synthesis, 496 
trans-Stilbene oxide, synthesis, 545 
Stobbe condensation, 458, 748 
Straight chain hydrocarbons, definition, 51 
Strain energies, table, 142 
Strained carbocycles, 162 


s-trans, definition, 589 

Strecker synthesis, 260, 820 

Structural isomers, definition, 15 

Structural patterns, in synthesis, 728 

Styrene, 113, 498, see also Ethenylbenzene 
polymerization with maleic anhydride, 957 
reaction with m-chloroperoxybenzoic acid 

(epoxidation), 544 


тоша with phenyllithium (substitution), 
synthesis, 544 


Substituent constants (sigma, о), 633 
table, 634 ; 
i effects, 


for substitutions on naphthalene, 699 

on acidity and basicity, 183 

оп aromatic phenylation, 927 

quantitative correlations, 629 
Substitution reactions, 108 

aromatic, 609 


Substitution reactions (Cont.): 
in free radical reactions, 924 
nucleophilic, bimolecular (Sy2), 
mechanism, 321 
reaction order, 321 
nucleophilic, internal (Syi), 354 
nucleophilic, засе. (5м), 
mechanism, 31! 
reaction order, s 
Substitution vs. elimination, 
basicity-nucleophilicity, 471 
energy factors, 471 
Substrate, definition, 119 
Substrate structure, elimination vs. substitu- 
tion, 472 
Succinic acid, 289, see also Butanedioic acid 
pK, 186 
Succinic anhydride, 289, see also Butanedioic 
anhydride 
reaction with methanol (esterification), 275 
reaction with toluene (acylation), 695 
Succinimide, pK,, 100 
Succinoylcholine, 376 
Sucrose, 761, 786 
structure determination, 787 
sweetness, 763 
Sulfa drugs, see p-Aminobenzenesulfonamide 
Sulfanilamide, see p-Aminobenzenesulfonamide 
Sulfanilic acid, see p-Aminobenzenesulfonic 
acid 
Sulfides, synthesis, by substitution of thiols, 
369, see also Thiols 
Sulfite process, for cellulose, 794 
Sulfolane, see Tetramethylene sulfone 
Sulfonamides, 304 
Sulfonation, 
mechanism of aromatic, 646 
of aromatic compounds, 645 
Sulfones, synthesis, 370 
Sulfonic acids, 303 
Sulfonic esters, 304 
Sulfonium salts, synthesis, 369 
Sulfony! chlorides, 303 
Sulfoxides, synthesis, 370 
Sulfur trioxide, in sulfonation, 646 
Sulfuric acid, pK,, 101 
Sulfuric acid derivatives, 302 
“Super hydride,” see Lithium triethyl- 
borohydride 
Superacids, 981 
Suprafacial, definition, 599 
Surfactants, 281 
Sweetness, table, 763 
Symmetry, of molecular orbitals, 596 
Syn, 
elimination stereochemistry, 485 
electrophilic addition stereochemistry, 524 
Syndiotactic polymerization, 951 
Synergistic effects, 
in pheromone action, 894 
Syn-periplanar, 
"elimina tion stereochemistry, 485 
Synthesis, 
of aminoacids, 820 
of carbohydrates, 778 
of oligosaccharides, 790 
of peptides, 832 
of pheromones, 897 
using aldol reactions, 407 
using conjugate additions, 584 
using nucleophilic additions, 444 
using nucleophilic substitutions, 444 
with aromatic compounds, 673 
Synthesis gas, 563 
Synthesis strategy, 409, 721 
annelation reactions, 738 
available reactions, 445 
carbon skeleton, 723 
construction reactions, 723 
experimental considerations, 446 


Synthesis strategy (Cont.): 
fragmentation reactions, 740 


and fatty acid biosynthesis, 864 
Synthon, definition, 449, 723 


p-(+)-Talose, 760 

Tanning, 965 

Target molecule, 410 

Tartar, see Tartaric acid, potassium salt 
Tartaric acid, 169, 171, see also 2,3- 


(+)-Тацайс acid, 171 
(—}Tartaric acid, 171 
d-Tartaric acid, physical properties, 172 
L-Tartaric acid, physical properties, 172 
meso-Tartaric acid, 171 

physical properties, 172 
Tautomerism, 194 

keto-enol, 399 
Tautomerization constants, of carbonyl-contain- 

ing compounds, table, 400 

Teflon, see Polytetrafluoroethylene 
Temperature, 

and reaction rate, 129 

elimination vs. substitution, 474 
Е acid, see Benzene-1,4-dicarboxylic 


т of free radical reactions, 914 


Teta Caora o а кога bromide, 784 
Tetral 
1,2,5, Taie can reaction with base 
(elimination), 499 
1,1,2,2-Tetrabromopropane, synthesis, 525 
Tetrabutylammonium chloride, 
as phase transfer catalyst, 386 
reaction with cyanide (substitution), 386 
Tetrabutylammonium cyanide, synthesis, 386 
Tetrachloromethane, physical properties, 78, 
see also Carbon tetrachloride 
Tetracyanoethylene, as Diels-Alder dienophile, 


590 
Tetracyclo[2.2.0.0^5.095]hexane, 163 
11-Tetradecenyl acetate, 894 
Tetraethylammonium сы, thermal deg- 
radation (elimination), 492 
Tetrahedral carbon, and the sp? hybrid, 33 
Tetrahedral geometry of bonds to carbon, 34 
Tetrahedral intermediates, in esterification, 273 
Tetrahydrofuran (THF), 72, 73, see also 
Itane 
dielectric constant, 338 
synthesis, 706 
as solvent for organometallic compounds, 
241 
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1,2,3,4-Tetrahydronaphthalene, 
catalytic dehydrogenation, 499 
reaction with oxygen, 932 
synthesis, 695 

Tetrahydropyran, 72, see also Oxacyclohexane 

Tetrahydropyranyl eth a ers, 540 


Tetulin, Т рле *alydronaphthalene 
see fet 

1-Tetralone, synthesis, 656 

a-Tetralyl hydroperoxide, synthesis, 932 

Tetramethylammonium iodide, 74 


synthesis, 375 
1,2,3,4-Tetramethylbenzene, physical proper- 
ties, 63 
1,2,3,5-Tetramethylbenzene, physical proper- 
ties, 63 
1, 24/5 Tetrmethylbenzene, physical proper- 
ties, 63 


2,3,5, é Tetramethylbenzoic acid, reaction with 
dimethyl sulfate, 368 

3,3,N,N-Tetramethylbutanamine, 74 

N,N,N,2-Tetramethyl-2-butylammonium hy- 
droxide, thermal degradation (elimina- 
tion), 492 

Tetramethylene glycol, polymerization with 
hexamethylenediisocyanate, 956 

Tetramethylene sulfone, 642 

2,2,5,5-Tetramethyl-3-hexanol, synthesis, 542 

2,2,5,5-Tetramethyl-3-hexene, hydroboration- 
oxidation, 542 

2-2,2,5, Е хаа; reaction with 
chlorine (addition), 529 

Tetramethyllead, thermal decomposition, 912 

224, отаву piona reaction with 
tert-butyllithium, 245 

N,N,2,2-Tetramethylpropanamide, reaction 
with diborane (reduction), 294 

N,N,2,2-Tetramethylpropanamine, synthesis, 
294 


Tetramethylsilane (TMS), as NMR standard, 
1068 


1,1,2,2-Tetraphenylethanol, reaction with 
thionyl chloride (dehydration), 491 
Tetraphenylethene, synthesis, 491 
Tetraterpenes, 867 
Thallium derivatives in nucleophilic aromatic 
substitution, 671 
Thenard, and combustion analysis, 3 
THF, see Tetrahydrofuran 
Thiamine, 704 
3-Thia-1-pentanol, synthesis, 380 
Thio acids, 281 
Thioacetals, 231 
Thioacetic acid, synthesis, 282 
Thioesters, 282 
Thioethers, 71, see also Sulfides 
Thioketals, 231 
Thiols, 66, 71 
as nucleophiles, 369 
free radical addition to alkenes, 929 
nucleophilic addition, 
to carbonyl compounds, 231 
nucleophilic substitution, 
on carboxylic acid derivatives, 281 
Thionyl chloride, 
in synthesis of acyl halides, 287 
reaction with alcohols, 353 
stereochemistry of substitution, 353 
Thiophene, 703 
reaction with acetic anhydride (acylation), 
713 
reaction with sulfuric acid (sulfonation), 714 
reactivity, 713 
synthesis, 707 
Thiophene-2-sulfonic acid, synthesis, 714 
Thiourea, 394 
Thomson, Joseph, 
and atomic structure, 26 
and discovery of electron, 10 
and Nobel prize, 10 
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Thorium oxide, as catalyst for elimination, 491 
Three-center bonds, 994 

threo-, definition, 482 

Threonine, 


physical properties, 814 
pl, 819 
pK, 819 
D-(—)-Threose, 760 
D-Threose, reaction with hydrogen cyanide 
(homologation), 774 
Thymidine, 796 
Thymine, 796 
Tin hydrides, in free radical substitution, 925 
TMS, see Tetramethylsilane 
TNT, see 2,4,6-Trinitrotoluene 


reaction with benzoyl chloride (acylation), 
654 


reaction with bromomethane (alkylation), 620 

reaction with chlorine (chlorination), 644 

reaction with nitric acid (nitration), 640 

reaction with nitronium trifluoromethanesul- 
fonate (nitration), 642 

reaction with succinic anhydride (acylation), 
695 


reaction witn sulfuric acid (sulfonation), 647 

reaction with thallium tris-trifluoroacetate 
(thallation), 672 

resonance structures, 197 


synthesis, 384, 651 
m-Toluenesulfonic acid, synthesis, 647 
o-Toluenesulfonic acid, synthesis, 647 
p-Toluenesulfonic acid 

synthesis, 303, 647 

use as catalyst, 250 
p-Toluenesulfonic esters, 304 
p-Toluenesulfonyl, as protecting group, 833 
P-Toluenesulfonyl chloride, 304 ў 
p-Toluic acid, see p-Methylbenzoic acid 
o-Toluidine, see o-Methylaniline 
p-Toluidine, see p-Methylaniline 
N,p-Tolylbenzamide, synthesis, 987 
3-p-Tolylpropanenitrile, reaction with phenyl- 

magnesium bromide, 255 

p-Tolylthalliumditrifluoroacetate, synthesis, 672 
Tooth decay and carbohydrates, 770 
Torsional asymmetry, 174 
Torsional strain, definition, 138 
Tosyl chloride, see p-Toluenesulfonyl chloride 
Trans, see also E 

definition, 153 


Transesterification, 276 
Transfer RNA (I-RNA), 852 
Transition metal organometallics, 557 
Transition metals, 
as Lewis acids, 557 
in biological systems, 563 
Transition state, 123 
Transoid, see s-trans 
a,a-Trehalose, 789 
Triacylglycerols, 859 
nomenclature, 860 
Triacylglycerols, 859, see also Fats 
Trialkylboranes, 541 
2,4,6-Tribromoaniline, synthesis, 644 
1,3,5-Tribromobenzene, synthesis, 671 
Tributyl phosphate, synthesis, 305 
Tributyltin hydride, 925 


Tricarboxylic acid cycle, see Krebs cycle 
2,2,2-Trichloroacetic acid, pK,, 101 
Trichloroacetic acid, 
inductive effects, 184 
pKa, 184 
Trichloroacetyl chloride, reaction with lithium 
aluminum hydride (reduction), 291 
i |, reaction with water, 229 
LL2-Tri , 
LCNMR spectrum, 1156 
H-NMR spectrum, 1082 
Trichloroethane, synthesis, 557 
2,2,2-Trichloro-1,1-ethanediol, synthesis, 229 
2,2,2-Trichloroethanol, synthesis, 291 
Trichloromethane, 465, see also Chloroform 
plane of symmetry, 164 
reaction with potassium fert-butoxide (elimi- 
nation), 548 
physical properties, 78 


, 895 
Tricyclo[3.2.1.0']octane, synthesis, 1048 
2-Tridecen-1-ol, asymmetric epoxidation, 545 
1,3,3-Trideuteriocyclohexene, reaction with 


Triethanolamine, synthesis, 373 
i , 260 

Triethyl phosphate, 305 

Triethylamine, 77, see also N,N- 
Dieth; 

Triethylcarbinol, see 3-Ethyl-3-pentanol 

Triethylene glycol dimethyl ether, 487 

Trifluoroacetic acid, pK,, 101, 184 

2,2,2-Trifluoroethanol, pK,, 186 

Triglycerides, reaction with water (hydrolysis), 
280, see also Triacylglycerols 

Triglyme, see Triethylene glycol dimethyl ether 

Trigonal bond angles, 39 

Trigonal geometry of bonds to carbon, 35 

Trimerization, 554 

2,3,4-Trimethoxyglutaric acid, synthesis, 773 

2,3,4-Trimethoxypentanedioic acid, see 2,3,4- 
Trimethoxyglutaric acid 

Trimethylaluminum, see Hexamethyl- 
dialuminum 

Trimethylamine, 74, 77, see also N,N,-Dimethyl- 
methanamine 


basicity, 187 
bond angles, 38 
dipole moment, 201 
reaction with hydrogen peroxide, 377 
reaction with iodomethane (substitution), 375 
synthesis, 377 

Trimethylamine oxide, 


physical properties, 63 
reaction with bromine (bromination), 643 
reaction with formyl fluoride (formylation), 
655 
N,N-Trimethylbenzylamine, synthesis, 999 
NN N-Trimethyibenzylammonicen hydroxide, 
880 


N,N,N-Trimethylbenzylammonium iodide, re- 


N,N,N-Trimethyl-3-deuteriobicyclo[2.2.1]-2- 
heptylammonium hydroxide, thermal 
tion (elimination), 485 
2,3,5-Trimethylhexane, 55 
N,N,N-Trimethyloctadecylammonium chloride, 
synthesis, 377 
2,2,4-Trimethylpentane, 555, see also Isooctane 
mass spectrum, 1128 
2,3,4-Trimethyl-3-Pentanol, synthesis, 243 
Trimethylsilyl ether, as protecting group, 736 
Tris nium iodide, synthesis, 369 
Trineopentyltantalum dichloride, 558 
1,2,6-Trinitroanilinium ion, pK,, 102 
2,4,6-Trinitrophenol, 101 
2,4,6-Trinitrotoluene (TNT), synthesis, 643 
Triphenylamine, 77, see also N,N-Dipheny!- 
benzenamin 


е 
Triphenylcarbinol, see Triphenylmethanol 
1,12-Triphenylethane, synthesis, 096 
Triphenylmethane, 64 

physical properties, 63 


3,3,3-Triphenylpropanal, reaction with perox- 
ide (rearrangement), 996 

1,3,3-Triphenyl-1-propanone, synthesis, 582, 

587 


Triplet state, of electrons, 1025 
Triplets, in NMR spectroscopy, 1077 
Triptycene, 719 
Triterpenes, 867 
Tritium, as isotope label, 618 
Triton B, see N,N,N-Trimethylbenzylammonium 
hydroxide 
Tropine, 460 
Tropinone, 460 
‘Trypsin enzyme, for peptide analysis, 827 
‘Tryptophan, 76 
physical properties, 813 
pl, 819 
pK, 819 
TsOH, see p-Toluenesulfonic acid 
Tubocurarine chloride, 376 
tine, 866 
Twist boat conformation, of cyclohexane, 143 
Two dimensional representations of molecules, 
135 


model compounds, 1115 
Umbellulone, 868 sty A 
Ur 9.0. 20 95,18 96,16 98,1: 
M PME 
Undecane, physical ies, 52 
Unsaturated, definiton 59 на 
Unsaturated hydrocarbons, definition, 14 
Unsaturation, bromine test for, 106 
Uracil, 703, 796 
Urea, 
from inorganic compounds, 4 
polymerization with formaldehyde, 962 


ine dipl id 
Las A 
UY, see Ultraviolet spectroscopy ы 


Масша ultraviolet spectroscopy, пи 


ue 10 
of carbon, 4 
Valence bond tautomerism, 1018 


Valence shell electron pair repulsions (VSEPR), 
38 


and the Sy2 reaction, 323 
Valeric acid, 84, see also Pentanoic acid 
Valine, 

physical properties, 813 

pl, 819 

pKa, 819 


Van der Walls interactions, in polymers, 950 


van der Walls radius, 40 
Vane, John, and Nobel prize, 885 
van't Hoff, 
and optical activity, 164 
and tetrahedral carbon, 5 
B-Vetivone, synthesis strategy, 746 
Vilsmeyer reaction, 690 
Vinyl acetate, 
ТЕММЕ spectrum, 516 
1Н-ММЕ spectrum, 515 
IR spectrum, 515 
polymerization, 952 
synthesis, 557 
Vinyl acetylene, synthesis, 557 
Vinyl chloride, 499, see also Chloroethene 
as a carcinogen, 958 
industrial synthesis, 535 
synthesis, 557 
Vinyl group, 61 
Vinyl polymerization, 952 
Vinylogous, reactions, 582 
Visible spectroscopy, 1113 
Vital force, 3 
Vitamin A, 873 
and vision, 874 
synthesis strategy, 751 


PSI replated Ia 
and protein structure, 841 
OR synthesis, 620, see also 1, 
benzene 


nucleophilic substitution, 
on carboxylic acid derivatives, 276 

pK, 99 

Water gas, see Synthesis gas 

Watson, James, and Nobel prize, 849 

Wave equation, and quantum mechanics, 27 

Waxes, 861 

Wedge formulas, for three-dimensional draw- 

ings, 135 

Werner, Alfred, and bonding, 10 

Whale oil, composition, 861 

Wieland, Heinrich, and Nobel prize, 876 

Wilkinson, Geoffrey, and Nobel prize, 559 

Wilkinson's catalyst, 559 

Williamson synthesis, 362 

Windaus, Adolf, and Nobel prize, 876 

Winstein, Saul, and nonclassical carbonium 


т-Хуюве, synthesis, 780 


Yield, in synthesis, 726 
Ylids, as nucleophiles, 432 


ions, 993 
Wittig, Georg, and Nobel prize, 432 
Wittig reaction, 432 Z,as CORPS ANE designation, 159 у 
Wittig rearrangement, 999 Zeise's salt, 558 


Wohl degradation, 775 Ziegler, Karl, and Nobel prize, 956. 
Wohler, Ziegler-Natta catalyst, and polymerization, 
and isomerism, 4 ` Zinc chloride, 103 4 
and synthesis of organic from inorganic as catalyst in chloride substitution, 352 j^ 
compounds, 4 Zusammen, see Z 
Wolff rearrangement, 982 Zwitterions, definition, 817 
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